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1

INTRODUCTION

Almost everybody does it. Most people do it on a daily basis, others only do it once a
week. Some do it quickly, others do it very thoroughly, but almost no one never brushes
his teeth. Brushing our teeth is such a normal habit these days, that we hardly think about
it. However, if toothbrushing is not done properly or correctly, problems like caries, gin-
givitis and a bad breath can arise. Caries is a bacterial process that destroys the tooth
enamel. Gingivitis is the inflammation of the the gums, which is the soft tissue surround-
ing the teeth. These diseases may lead to tooth loss if they are not treated adequately.
Both problems are caused by a sticky white substance that accumulates on the teeth: den-
tal plaque. Dental plaque is a layer of proteins, bacteria and slime, which forms on any
hard surface that is present in the mouth. Dental plaque is an example of a biofilm: an
aggregation of bacterial cells on a solid surface.

We can find biofilms everywhere around us. A familiar example of a biofilm is the
slippery layer that covers rocks in streams and lakes. You might find biofilms in the fish
tank, in the bath tub, on your contact lenses and on your teeth.

In hospitals, 65% of infections are thought to be associated with biofilm growth on
medical implants, catheters, and prosthetic devices. Biofilm related infections are hard
to fight, since bacteria in biofilm formations can be a thousand times more resistant to
antibiotics than individual bacteria (Hoyle and Costerton, 1991). The dose that one needs
to eliminate the infection would kill the patient first.

In industry, biofilm growth costs yearly billions of euros due to pipe clogging, cor-
rosion, equipment failure and water contamination. Biofilms on ship hulls increase the
ship’s drag and biofilms in pipe lines increase the pressure drop, making it necessary to
use more energy, which affects the environment in a negative way. Then there are indirect
costs due to downtime of equipment when it has to be cleaned. Biofilm control is a major
issue in oil industry, paper industry, food fabrication lines, power industry, and in drinking
water systems (Characklis, 1981).

In aqueous environments such as these, bacteria prefer to live in the form of a biofilm.
In a biofilm community, the bacteria behave in a different way than planktonic (free-
floating) bacteria. Bacteria in a biofilm excrete slime, mainly consisting of polysaccha-
rides. This extracellular polysaccharide (EPS) matrix is a sticky substance that protects
the bacteria from the environment and it makes it possible for nutrients to adhere to the
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biofilm. Besides bacteria, biofilms can also be made up of other microorganisms, such as
fungi, yeasts and algae.

The formation of a biofilm starts when planktonic bacteria attach to a solid surface
(see Fig. 1.1). Within hours, the bacteria begin to divide and a monolayer of bacteria is
formed on the surface. Once attached to the surface, the bacteria ‘switch on’ different
genes, resulting in extracellular slime formation. In the next hours, the biofilm grows
perpendicularly to the surface, and often, typical mushroom shaped formations develop.
These mushroom shapes are calledmicrocolonies. Between the microcolonies, water
channels leave room for nutrients to reach the base of the colonies.

attachment

planktonic
cells

growth

colonization
slime

aqueous environment

FIGURE 1.1 — Schematic overview of the different stages in the biofilm forma-
tion process.

It can be stated that biofilm growth has great impact on our society, associated with
economical damage and health hazards. By adequate and regular removal of biofilms
many problems can be prevented. Although the cleaning methods that are presented in
this dissertation can be applied to biofilms in general, the work is focused on oral biofilms.

1.1 Formation of dental plaque

Oral biofilms are commonly referred to as dental plaque. The chemical and microbiologi-
cal structure shows an enormous complexity and diversity. One mm3 of plaque, weighing
around one milligram, contains more than 108 bacteria. Although more than 300 species
of bacteria have already been characterized, many species have not yet been identified
(Langet al., 1997). The composition of plaque is influenced by many factors, such as the
location in the mouth, the age of the plaque, the time of the day and the host’s diet.

Bacterial attachment occurs on all surfaces in the mouth. Accumulation of large
masses of microorganisms is prevented on most surfaces by constant renewal of the sur-
faces by shedding. The hard, non-shedding surfaces in the mouth facilitate the growth
of dental plaque. The formation of plaque can be divided into three stages according to
Morhartet al. (1980):

1. Within seconds, a very thin layer of ions and proteins that naturally are present in
saliva bind to the enamel. This layer is called the acquired pellicle. Its thickness
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ranges from 1 to 10µm. The attachment to the enamel surface is so strong that the
pellicle cannot be removed by normal tooth brushing.

2. After 2 - 4 hours, the presence of bacteria can clinically be demonstrated on tooth
surfaces. Primarily specific bacteria attach to the pellicle, mainly streptococci.
These so called early colonizers are attached to the pellicle by Van der Waals
forces, hydrogen bonding, electrostatic interactions and/or hydrophobic interac-
tions. Growth is associated with the production of slime that consists of polysac-
charides and, primarily, water. First, bacteria grow in a mono layer, and micro-
colonies are formed (groups of bacteria). After approximately eight hours, bacteria
also grow perpendicular to the tooth surface.

3. Secondary invaders penetrate into the plaque mass after 48 hours. The metabolism
of the plaque changes, which lead to selectivity in bacterial survivors. Aerobic
species are gradually replaced by anaerobic organisms, when the amount of oxygen
in the thick plaque layer decreases.

A cross section of a mature plaque layer is shown in Fig. 1.2. It contains billions of
bacterial cells that are bonded by slime.

FIGURE 1.2 — Electron micrograph of a layer of dental plaque. Bottom is the
base of the plaque layer; top is the part exposed to the oral cavity. Thickness
of the plaque layer is 50µm. The black dots are predominantly streptococci.
Printed with permission of the American Society for Microbiology (Laiet al.,
1975).
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1.2 Negative effects of plaque

The outer layer of the tooth (see Fig. 1.3) is composed of enamel, the hardest substance
in the human body. It is composed of calcium hydroxy apatite crystals. Although the
material is very hard and brittle, it is sensitive to acids. Caries (tooth decay) is a process
in which the enamel is literally dissolved in acid. The acid is a waste product of the
anaerobic metabolism of sugars by certain bacteria that are present in the plaque.

HEALTHY DISEASED

tooth pulp

gums (gingivis)

dentin

cavity

tooth bone

enamel

alveolar bone loss
retracted gums
gingivitis

FIGURE 1.3 — Schematic view of the tooth and its supporting tissues. The left
part of the tooth is healthy; the right part is affected by caries, gingivitis, and an
advanced form of periodontitis: alveolar bone loss.

Plaque is also the cause of an inflammatory disease of the gums: gingivitis. Five
out of ten people are affected by gingivitis (Baehni and Bourgeois, 1998). Gingivitis
can be recognized as gum tissue that looks red and swollen, which easily bleeds upon
brushing or flossing. Because it is not painful in many cases, the disease can slowly
evolve to periodontitis, which is an infection of the tooth bone (alveolar bone). According
to epidemiologic data from the World Health Organization, periodontitis is the primary
cause of tooth loss for people older than 40 years (World Health Organization, 1997).
This applies to the Western civilization, as well as to countries in the Third World.
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1.3 Prevention

The manual toothbrush is the most used device for oral plaque removal. The last decades,
electric toothbrushes and sonic toothbrushes have become more popular. Manual and
electrical toothbrushes are highly effective, if they are used well and for an adequate
amount of time. For most people however, neither of these criteria is fulfilled (Straub
et al., 1998).

Although a toothbrush is efficient on most tooth surfaces, it cannot clean the surfaces
that it does not reach. This sounds obvious, but it has a major impact on the average oral
health. Menghiniet al. (1998) showed that caries sites are mostly found in the fissures
and interdental areas of the tooth. The fissures are the small cracks and irregularities
on the top of the molar surfaces. Also gingivitis and periodontitis occur predominantly
interdental. The interdental area is thus a major target for any preventive measure.

Tooth picks, interdental brushes and tooth floss are excellent cleaning devices to clean
the interdental areas. However, these aids are not very popular, because their use is time-
consuming and cumbersome. Furthermore, improper flossing techniques cause gum dam-
age.

Chemical anti-plaque agents are effective in plaque reduction by interfering with bac-
terial growth, detaching or disrupting the plaque, or by changing the adhesiveness of the
tooth surface (Pader, 1989; Scheie, 1989). Unfortunately the most effective chemicals still
suffer from unacceptable side effects, such as changing the color of the teeth or affecting
the sense of taste. Therefore their use is limited to situations where mechanical plaque
removal is not possible (e.g.after surgery).

Toothpaste does not contribute much to plaqueremoval. The added value of tooth-
paste is mainly the fluoride, which prevents demineralization of the enamel, and enhances
remineralization of the enamel (Menghiniet al., 1998). Therefore, fluoride is a very ef-
fective measure for caries prevention.

To summarize, there exist successful methods for plaque removal, varying from tooth
brushes, tooth picks and tooth floss to chemical agents. The problem is that these aids are
not used properly in many cases, or that they are not used at all.

1.4 Problem definition

Biofilms are everywhere around us, and many of them create problems. Is is therefore
necessary that they can be removed frequently and adequately. Although the results of
this work can be applied to biofilms in general, we have focused on the removal of dental
plaque. The aim is to find a new method, based on hydrodynamics, that can be applied
to remove dental plaque in the human mouth. The restriction ‘hydrodynamic’ was made
because of two reasons. First, water based concepts are related to freshness. Millions
of euros a year are spent on mouth washes, tooth pastes and chewing gum, because they
deliver freshness. Second, water based methods can in principle be used to clean the
surfaces between the teeth through hydrodynamic forces. The cleaning device should be
effective on all surfaces of the teeth and it should clean the whole mouth in two minutes
with a minimum amount of water.

Important parameters for the design of the final product are price, size of the appara-
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tus, comfort and safety. As we are designing a newmethodinstead of an apparatus ready
for the consumer market, these parameters were not directly taken into account in this
stage of the design process.

1.5 Thesis outline

This dissertation is the result of a designer’s PhD. It is different from a standard PhD in
many facets, of which a goal oriented and a multi-disciplinary approach are just a few
to mention. Also, the first year of the project was done within the context of a two-year
post-graduate designer’s course at the Stan Ackermans Institute. The result of this project
was the design of a new cleaning method for dental plaque removal (Cense, 2002).

In chapter 2 the concept of a goal oriented design process is explained. The biofilms
that were used as a model for dental plaque are characterized by a specialized indentation
technique, as is discussed in chapter 3. Chapter 4 gives an overview of spray production,
spray characterization and measurements on sprays. The results of biofilm removal by
sprays are presented in chapter 5. A more detailed study of the removal process of biofilm
with individual droplets is discussed in chapter 6 and 7, while concluding remarks and
recommendations for the design are given in chapter 8.



2

THE DESIGN OF A NEW CLEANING METHOD: A GOAL

ORIENTED APPROACH

2.1 Background

The project was started in March 2001 as a collaboration between Philips Research Lab-
oratories and the Technische Universiteit Eindhoven (TU/e). A problem definition was
made in agreement with the two parties. Part of the project, in the period March 2001
until October 2003, was done in the context of a designer’s course at the Stan Acker-
mans Intitute Eindhoven. In March 2003, the project was prolonged for 30 months until
September 2005 as a PhD project, in close collaboration with Philips Oral Health Care
(POHC).

Figure 2.1 shows the time line of the project, which consists of activities within
Philips Research and parallel activities supervised by TU/e. The upper time line shows
the projects that were done within Philips. The first part,ICP WaterJet, was an Innova-
tion Creation Process (ICP), in which new technologies were investigated. As a second
phase, the activities within Philips were continued until April 2004, when the project was
formally concluded at Philips Research.

� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �
� � � � � � � � � � � � � �� � � � � � � � � � � � � �� � � � � � � � � � � � � �� � � � � � � � � � � � �� � � � � � � � � � � � �� � � � � � � � � � � � �

2001 2002 2003 2004 2005 2006

Biofilm characterization: Chapter 3
Biofilm removal with sprays: Chapter 5

Chapter 2

Biofilm removal with pencil jets: Chapter 6
Numerical simulations: Chapter 7

Spray measurements: Chapter 4

��
� � � � � �� � � � � �	 	 	 	 	 		 	 	 	 	 	
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� �� � � � �� � � � �

��� � �� �
���
�ICP WATERJET

Designer’s Project PhD project

Philips

Tu/e

FIGURE 2.1 — Time line of the different projects, indicating the relationships
between the Philips activities and the TU/e activities.
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1 mm

gum
plaque

FIGURE 2.2 — Shown is the lower part of a lower anterior tooth. The tooth is
surrounded by gum tissue. Plaque is colored with a pink indicator. If a nylon
filament is dragged through the plaque layer, it leaves behind a wake. Color
images are found on page 165 (Fig. G.5).

The aim of the TU/e activities was to design a new cleaning method for biofilm re-
moval, based on fluid dynamics. The designer’s project was concluded in September
2002. The results can be found in Cense (2002), but a summary is given in this chapter.
The PhD project started in March 2003. The aim was to further develop the cleaning
method that was the result of the designer’s project. In Fig. 2.1 the different activities
during this part of the work are indicated with a reference to the chapters of this thesis.

2.2 The designer’s project

Once the problem was defined, an inventory was made of possible cleaning methods.
Five useful concepts were chosen: a water jet, a water jet with bubbles, a spray jet, a
spray jet with abrasive particles and ultrasound. Until January 2002, short investigations
on each cleaning concept were performed to obtain proof of the physical principle. Not
all cleaning concepts could be tested onin vivo dental plaque. Therefore, a substitute for
dental plaque was needed.

2.2.1 DEVELOPING A SUBSTITUTE FOR DENTAL PLAQUE

To develop a representative substitute for dental plaque, one must be able to compare its
properties to real human plaque. An experiment was done, in which a single toothbrush
filament was moved through a layer of plaque so that the qualitative removal mechanism
could be studied. The researcher’s own 24-hours-old plaque was colored using a den-
tal disclosing solution (Red Cote, Butler Gum, USA). A 0.21 mm nylon filament was
mounted on a video microscope (AS 12, Volpi, USA) that was connected to a video
recorder. Recordings were made of the filament that was dragged through the plaque (see
Fig. 2.2). Based on visual observations, it was concluded that plaque is a soft gelatinous
layer, although its mechanical properties strongly depend on the hydration.

Many substitutes for dental plaque were proposed, such as gelatin, syrup, peanut but-
ter and Poly(Vinyl Alcohol)-SBQ. Based on visual observations of the plastic deformation
upon dragging a filament through the layers, a mixture of PVA-SBQ and latex particles



2.2 | The designer’s project 9

in water, which was gelated by ultraviolet light, best approached the properties ofin vivo
plaque. In the remaining of this dissertation we will refer to this layer simply as PVA.
Throughout the short investigations, it became clear that the adhesion of PVA layers on
glass is less than the adhesion ofin vivo plaque on teeth. In appendix A a procedure for
the making of layers of PVA is given.

2.2.2 SELECTION CRITERIA

At the end of the short investigations, the cleaning concepts were ranked against five
selection criteria:

• the concept must be able to remove PVA-layers from glass,

• the concept must be able to removein vivodental plaque,

• the concept must be safe,

• the concept must be able to clean the whole mouth in two minutes,

• the concept must be suitable to become a consumer product.

The criterion ‘being able to clean the whole mouth in two minutes’ is based on the stan-
dard cleaning time that is used for electric toothbrushing. The following sections will give
a concise description of each of the concepts and the results of the short investigations.

2.2.3 CLEANING CONCEPTS

Water jet

Oral water jets are commercially available as a consumer product. Although it is known
that these devices cannot remove plaque (Rethman and Greenstein, 1994), the researcher’s
own plaque was exposed to a Philips water jet (HP 830/A) at its highest setting for confir-
mation. The water jet was mounted on a video microscope (AS 12, Volpi, USA), and the
plaque on the teeth was colored with a standard plaque indicator (Red Cote, Butler Gum,
USA). No plaque could be removed (see Fig. 2.3). The velocity and the diameter of the
water jet were respectively 10 m/s and 1 mm. The resulting impact pressure (stagnation
pressure) is then equal to 0.5 bar (50 kPa). The high flow rate of the water (450 ml/min)
created major discomfort.

It was expected that higher water pressures were needed for removing dental plaque.
A new set-up was built that produced a water jet, 200µm in diameter, with velocities
between 14 m/s and 26 m/s. This corresponds to impact pressures ranging from 1 to 3.5
bar. The volume rate of water decreased considerably due to the smaller nozzle area to
27 ml/min (at 1 bar) and 50 ml/min (at 3.5 bar). The minimum pressure to remove the
plaque was approximately 2 bar (see Fig. 2.4). At this setting, small gingival bleedings
were observed. At 3.5 bar, the jet felt painful to the gums, and gingival bleedings at the
point of jet impact became more serious.

Although the concept scored well on effective cleaningin vitro and effective clean-
ing in vivo, it was rejected because of safety issues, and because of the abundant water
consumption. The latter makes it unattractive for becoming a consumer product.
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gum

plaque jet

(c)(b)(a)

FIGURE 2.3 — The upper part of an upper anterior tooth exposed to an oral
irrigator. The tooth, the gums and plaque are visible. Shown is the tooth before
(a), during (b) and after a five-second treatment (c) with the water jet. Color
images are found on page 166 (Fig. G.6).

jet

(b)(a)

FIGURE 2.4 — An upper incisor exposed to a high pressure water jet. The jet is
clearly visible. The black circle indicates a region close to the gingival margin
before (a) and after treatment (b) with the jet. A rectangular shaped plaque
region near the gumline is removed after treatment. Color images are found on
page 166. (Fig. G.7)

Water jet with bubbles

The addition of air bubbles to a water jet can increase the efficacy because of surface
tension effects. An air bubble which adheres to a solid surface will exert a force in the di-
rection perpendicular to the surface. It was shown by Gómez Súarezet al.(1999) that this
force is large enough to detach single bacteria from a surface. A mixture of water and air
bubbles with a volume median diameter, D[v,0.5], of 6µm (determined with Mastersizer,
see chapter 4) was fed to a Philips water jet (HP 830/A). The jet impacted the PVA layer
at an angle of almost zero degrees. No removal was observed with or without bubbles.
The concept was rejected on the same grounds as the water jet.

Ultrasound

The cleaning efficacy of ultrasound was only testedin vitro on PVA layers, because of
safety issues. Three industrial cleaning baths with operating frequencies of 25 kHz,
40 kHz and 400 kHz were used. Layers of PVA, dry or soaked in water for five min-
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utes beforehand, were exposed to ultrasound for one minute at 20◦C. No complete re-
moval was established for either treatment as is shown in Fig. 2.5. Here, PVA is light and
cleaned glass appears dark, due to the dark background. Soaked samples were more vul-
nerable to ultrasound than dry samples. Low frequency ultrasound (25 kHz and 40 kHz)
was more effective than high frequency ultrasound (400 kHz). Still, the low frequency ul-
trasound treatment was not effective enough, considering the amount of removed plaque
with respect to the treatment time.

dry soaked
400
kHz

25

kHz

kHz

40

FIGURE 2.5 — Glass plates with PVA after a one-minute-exposure in ultrasonic
cleaning baths operating at 400 kHz, 40 kHz and 25 kHz. The right part of the
glass plates was soaked in water for five minutes before treatment. Here, PVA
is light and cleaned glass appears dark, due to the dark background.

Biological effects of ultrasound in living tissue are mainly thermal (due to heating)
or mechanical (due to cavitation). The mechanical index (MI) is a quantity related to the
potential for cavitation effects. It is defined as the ratio of the peak rarefactional pressure
(in MPa) derated by 0.3 dB cm−1MHz−1 and the square root of the ultrasound frequency
(in
√

MHz)∗. For higher frequencies, pressures can be higher resulting in the same MI.
The intensity,I , in W/m2 is related to the sound pressure amplitudep according to

I =
|p|2

2ρcsound
=

p2
rms

ρcsound
, (2.1)

with ρ the density of the liquid,csoundthe velocity of sound andprms the root mean square

∗The peak rarefactional pressure is the maximum negative pressure. A derated quantity accounts
for attenuation of the ultrasound field by the tissue between the transducer and a particular location
in the body along the beam axis.
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pressure.
The FDA (Food and Drug Administration) and AIUM (American Institute of Ultra-

sound in Medicine) provide guidelines for the maximum power and for the MI for ultra-
sound in medical applications. For diagnostic ultrasound, the derated spatial peak time
average intensity should not exceed 720 mW/cm2 and the mechanical index should not
exceed 1.9 (U.S. Food and Drug Administration (FDA), 1997), although these limits are
considerably lower for ophthalmic (eye related) and fetal applications.

The exact operating pressures and intensities of the three industrial baths are not
known. Similar experiments with a tabletop ultrasound bath (40 kHz, 5510E-MTH, Bran-
son) with a measured peak rarefactional pressure of 120 kPa (corresponding to an inten-
sity of 500 mW/cm2 and a MI of 0.6), showed inferior efficacy compared to the industrial
40 kHz bath. Therefore, it is most likely that the intensity of the three industrial cleaning
baths used in this test exceeds 720 mW/cm2.

The cleaning mechanism for low frequency ultrasound is mainly cavitation, while
for high frequency ultrasound it is microstreaming (circulating flow near bubbles or solid
objects). This indicates that soft, gelatinous layers are more vulnerable to cavitation than
to microstreaming.

In conclusion, the concept of ultrasound was rejected, because it did not meet any of
the selection criteria. It is not effective and it is most likely not safe, making it unsuitable
for a consumer product.

Spray jet

A spray jet was created by adding small amounts of water (≈ 60 ml/min) to a fast air
stream (see Fig. 2.6). The mixture goes through a nozzle (diameter 0.4 mm), where the
water breaks up into small droplets. The spray jet was testedin vivo on the researcher’s
own 24-hour-old plaque. The plaque was stained with disclosing solution (Red Cote,
Butler Gum, USA). The spray jet was mounted on a video microscope (AS 12, Volpi,
USA), and recordings of the removal process were made (Fig. 2.7). At all air pressures
tested (1-3 bar), good plaque removal was achieved (tested on three test persons). The
spray jet felt gentle to the gums, but at three bar air pressure, small gingival bleedings
were observed.

The spray jet was effective on layers of PVA, and also on real plaque. It was shown
that an operating regime exists in which the jet can remove dental plaquein vivo without
causing damage to the gums.

Spray jet with abrasive particles

Abrasive particle jets are widely used in industry for cleaning and cutting materials. In
dentistry it is used for polishing the teeth (prophylaxis). We obtained enough evidence
from the literature that the addition of abrasive particles to a spray jet would increase its
effectivity (seee.g.Momber and Kovacevic (1998) and Ruff and Wiederhorn (1979)). In
theshort investigationsphase, no other work was conducted on this concept.
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FIGURE 2.6 — (a) Principle of the spray jet. Droplets are created by adding
small amounts of water to a fast stream of air. (b) Detailed drawing of the
nozzle. Measures are in millimeters.

2.2.4 RANKING

The short investigations were evaluated, and two concepts were selected. Table 2.1 shows
a summary of the short investigations for each of the five concepts. The spray jet and
the spray jet with abrasive particles were ranked first and second, respectively. They
were subjected to detailed investigations, in which the critical parameters on the cleaning
effectivity were further explored.

TABLE 2.1 — Summary of the results of the short investigations.
Legend: ++ very good, + good, – bad, – – very bad, ? unknown.

concept removal removal safety removal remarks option for
of PVA in vivo rate consumer product?

water jet + + + – – +/– 1 no
water jet + bubbles + + + – – +/– 2 no

ultrasound – – ? – – no
spray jet + + + + + possibly

spray jet + abrasives + +3 ? ? + possibly

1amount of water needed is too high for convenient use
2bubbles demonstrate no extra cleaning effect
3based on literature search
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(b)(a)

FIGURE 2.7 — Shown is an upper incisor (middle tooth) before (a) and after (b)
treatment with a spray jet. Nozzle diameter is 0.4 mm, air pressure is 2 bar and
water flow rate is 60 ml/min. Color images can be found on page 166 (Fig. G.8).

2.2.5 DETAILED INVESTIGATIONS – PARAMETERS OF THE SPRAY JET

It was demonstrated that the spray jet was quite effective in plaque removal. As a next
step, it was important to have a better overview of how quantities such as air pressure
and water flow rate affect the cleaning efficacy of the spray jet. Some additional experi-
ments were done, in which the effect of the air pressure, the water flow rate, the droplet
impingement rate and the traversal velocity on the efficacy was determined.

Relationship between spray parameters and cleaning efficiency

The cleaning efficacy of the spray jet, as shown in Fig. 2.6 was tested by moving the spray
over a layer of PVA by means of a robotic arm (see Fig. 2.8). For these experiments, a
nozzle was used as in Fig. 2.6(b) with a diameter of 0.7 mm. The distance between
the nozzle and the layer was linearly increased, so that at one point, the spray was not
effective enough to remove the PVA layer until the glass plate. This distance, called the
critical distance (zcrit), is a measure for the cleaning efficacy.

Keeping the air pressure and the traverse velocity constant at respectively 105 Pa and
1 mm/s, the water flow rate was varied between 30 and 95 ml/min. A maximum for the
critical distance was found at a water flow rate of approximately 56 ml/min (Fig. 2.9(a)).
At lower flow rates, there simply are less droplets, and at higher flow rates, large lumps
of water exit the nozzle at relatively low velocities.

In the next series of experiments, the water flow rate was kept constant at 60 ml/min,
the traverse velocity was 2.5 mm/s and the air pressure was varied between 1 and 2.5
bar. It was found that the critical distance increases linearly with increasing air pressure
(Fig. 2.9(b)).

Note that both graphs have a point at which the air pressure is 105 Pa and the water
flow rate is 60 ml/min. The critical distances found do not correspond due to differences
in traverse velocity of the spray nozzle.

In the next series of experiments, the traverse velocity of the nozzle was varied, while
the air pressure and the water flow rate was kept constant at 105 Pa and 60 ml/min, re-
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spray nozzle

glass

PVA layer

zcrit

FIGURE 2.8 — Schematic overview of the experimental set-up for comparing
cleaning efficacy of different spray settings. Layers of PVA on glass are ex-
posed to the moving spray jet while the distance between the jet and the layer
is linearly increased. The distance at which the spray cannot remove the PVA
layer completely is called thecritical distance, zcrit.

spectively. The results are presented in Fig. 2.10(a), where the the critical distance as a
function of the traverse velocity is shown. The solid line in Fig. 2.10(b) represents an
inverse proportionality between the critical distance and the traverse velocity. This rela-
tionship is based on the assumption that the mean velocity of the droplets is constant and
that only a critical number of droplets per surface area is needed to completely remove the
PVA layer. From Fig. 2.10 it appears that for larger critical distances (achieved at smaller
traverse velocities) the jet is less efficacious. An explanation is that at larger distances
from the nozzle exit, the droplets decelerate due to drag from still air, and become less
efficient. Also, the spray is a little divergent, resulting in a smaller droplet density at larger
distances from the nozzle.

Finally, the effect of the droplet impingement rate, which is the number of droplets
per unit area per unit time, was determined by varying the traverse velocity, while keeping
the total treatment time constant. The treatment was done once at a traverse velocity of
1 mm/s, it was done twice at a traverse velocity of 2 mm/s and so on. In this way, the
droplet impingement rate is varied, while the PVA layer is exposed to the same number
of droplets. No difference on the critical distance could be determined, indicating that the
droplet impingement rate does not affect the cleaning efficiency within the investigated
range.

Effect of air pressure and water flow rate on spray parameters

The question remained how the adjustable parameters,i.e. air pressure and water flow
rate, alter the physical properties of the droplets in the spray. This is important, as we aim
for a correlation between the cleaning efficacy (indicated by the critical distance) and the
size and the velocity of the droplets in the spray. Therefore, droplet velocities and droplet
sizes were measured as a function of air pressure and water flow rate. For this preliminary
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FIGURE 2.9 — Effect of (a) water flow rate and (b) air pressure on the critical
distance. Settings: (a) air pressure 105 Pa, traverse velocity 1 mm/s, (b) water
flow rate 60 ml/min, traverse velocity 2.5 mm/s.
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FIGURE 2.10 — (a) Effect of the traverse velocity on the critical distance. (b)
An inverse proportional fit is used to describe the relationship between the tra-
verse velocity and the critical distance (solid line).

characterization, a nozzle was used with an orifice diameter of 0.7 mm.
The velocity distribution of the droplets was measured by Laser Doppler Anemom-

etry (Chapter 4). The high density of the spray made it difficult to measure velocities in
the center of the spray. Therefore, velocity distributions were obtained at the edges of
the spray only. In general, droplet velocities up to 100 m/s were recorded. The velocity
distribution shifted to higher velocities with increasing air pressure, whereas it did not
change considerably for water flow rates between 30 and 60 ml/min.

The size of the droplets was measured by a laser diffraction technique (Chapter 4).
The median droplet size, based on volume, was 40µm. This means that half of the volume
consists of droplets smaller than 40µm, and half of the volume consists of droplets larger
than 40µm. Due to a high optical density of the spray, no satisfactory relationship was
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found between the droplet size distribution and the air pressure or the water flow rate, for
the nozzle investigated.

2.2.6 DETAILED INVESTIGATIONS – THE SPRAY JET

WITH ABRASIVE PARTICLES

The spray jet was operated with a mixture of water and abrasive particles. Three types
of particles were used: calcium carbonate (CaCO3), aluminium oxide (Al2O3) and cellu-
lose. The experimental procedure was identical as in section 2.2.5. Although it is general
knowledge that abrasive particles enhance erosion processes (seee.g.Momber and Ko-
vacevic (1998)), our experiments indicated that the spray jets with abrasive particles were
equally or even less effective than the spray jet with water alone.

2.3 Conclusions and recommendations of the designer’s project

It was concluded that the spray jet and the spray jet with abrasive particles were the most
promising candidates to replace the toothbrushing. The toothbrush was still performing
better than the spray jet at the end of the project, but yet the spray jet was not optimized.
Since the process of erosion of soft layers by liquid droplet impact was, surprisingly, not
well understood in literature, the need for fundamental research was there.

It was recommended to study the impact of single droplets on soft layers. Once
the exact mechanism of cleaning is determined, one can investigate which parameters
influence the removal process and how they influence this process (Cense, 2002).
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V ISCO-ELASTIC PROPERTIES OF BIOFILM

The work presented in this chapter was done in close collaboration with Dr.ir. E. Peeters, Technische
Universiteit Eindhoven.

3.1 Introduction

For cleaning purposes, it is of great importance to know the physical properties of the
material that has to be cleaned. For instance, paint needs a different cleaning technique
than plaster. The mutual cohesive force between paint molecules is less than the force
between the paint and the substrate, which can be seen from the small particles in which
paint comes loose when it is removed by sanding. In contrast, plaster is more easily
removed by a chisel, because the mutual force between plaster molecules is higher than
the force between the plaster and the substrate.

The mechanical properties of biofilm will determine when and how a biofilm fails and
detaches in response to a physical load. Stoodleyet al.(1999) studied the changing shape
of mixed species biofilm clusters in response to a hydrodynamic shear stress in a flow cell.
They found that, depending on the applied shear stress, biofilms behave either like elastic
and viscoelastic solids (for low shear stresses), or like viscoelastic fluids (for elevated
shear stresses). A shear modulus (G) of 27 Pa and an apparent elastic modulus (Eapp) in
the range of 32 to 48 Pa was found. Klapperet al. (2002) did similar experiments with
single species biofilms and proposed a constitutive equation with a Jeffreys element to
describe the stress-strain relationship for biofilm. They also used the input of other studies
with different biofilm types, and they concluded that biofilms behave as viscoelastic fluids.
Shawet al.(2004) measured the shear modulus (G) and the viscosity (η) of various types
of biofilms in a rheometer, and they found forStreptococcus mutansbiofilms values forG
ranging from 10-1000 Pa and values forη ranging from 104-106 Pa s, respectively. Towler
et al.(2003) studied the creep behavior of mixed species biofilm in a rheometer, and used a
four-element Burgers’ constitutive model to fit the experimental data. They characterized
their biofilms as viscoelastic fluids with a shear modulus ranging from 0.3-45 Pa and a
viscosity ranging form 10-7000 Pas. Also, they found that their biofilm failed at stresses
between 0.5 and 1 Pa. Vinogradovet al. (2004) studiedStreptococcus mutansbiofilms in
a rheometer. They concluded that their biofilms behave as viscoelastic fluids with a shear
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modulus of (1.9±3.8) ·102 Pa and a viscosity of(2.8±6.4) ·105 Pas. Table 3.1 gives an
overview of the results of the studies mentioned here.

TABLE 3.1 — Overview of studies on mechanical characterization of biofilms.

authors species method G (Pa) E (Pa) η (Pas)

Stoodleyet al. (1999) mixed visual 27±1 40±8
Klapperet al. (2002) Ps. aeruginosa visual 65±21
Shawet al. (2004) S. mutans rheometer 10−1000 104−106

Towleret al. (2003) mixed rheometer 0.3−45 10−7000
Vinogradovet al. (2004) S. mutans rheometer 1900±3800 (2.8±6.4) ·105

Research on biofilm detachment is important for the safety of drinking-water dis-
tribution systems, where detachment of biofilm can cause contamination. Stoodleyet al.
(2001) studied the size and the amount of biofilm clusters due to the detachment of biofilm
under influence of hydrodynamic shear. Loosdrechtet al.(2002) formulated a mathemat-
ical model to describe the growth and the detachment of biofilm structures under shear
loads. They included a failure mechanism, namely a tensile strength limit at which biofilm
fails.

The enormous variation in biofilm properties presented in the literature indicates not
only that it is difficult to perform measurements on biofilms, but also that the variations
are possibly natural in essence. In the study presented in this chapter, we use a nano-
indentation method to measure the mechanical properties of our single species biofilm.
The failure mechanism of the biofilm is visualized with the aid of a confocal microscope
with a laser scanning unit.

The quantitative results that are presented in this chapter merely indicate the order of
magnitude that can be expected for this type of material, because the number of measure-
ments is too small to give statistically reliable results.

3.2 Materials and methods

3.2.1 LOADING DEVICE

The loading device used in this study is described in detail in the thesis of Peeters (2004).
Peeters studied the mechanical properties of single cells under compression. We use
the device to study the mechanical properties of biofilm layers under compression. The
loading device (Figs. 3.1 and 3.2) can be placed on an inverted microscope, making it
possible to follow compression testsin situ. The sample to be measured is grown or
placed on a cover glass slide, which is positioned in thecell chamber(3 mm deep and
25 mm in diameter) of the stainless steel frame. Compression tests are carried out by
pressing a glass indenter into the biofilm. The indenter has a flat circular tip, which is
80 µm in diameter. Forces on the tip are measured with a force transducer (model 406A,
Aurora Scientific Inc., Canada), which has a full range of 500µN and a resolution of
10 nN. The output of the force transducer is amplified and sampled by a 16-bit D/A
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board (PCI-6052E, National Instruments, USA). Three piezo actuators (Nanocube P-611,
Physik Instrumente, Germany) control the position of the force transducer. They can move
the tip along three orthogonal axes, with a maximum range of 100µm and an accuracy of
5 nm. The position of the piezo actuators is measured and controlled by a servo controller
through a second 16-bit D/A board.

The tip and the force transducer can be tilted together for at most two degrees along
two axes in the horizontal plane to ensure that the tip surface is parallel to the cover
glass. Three orthogonal micromanipulators (M-111.DG, Physik Instrumente, Karlsruhe,
Germany) with a range of 15 mm and an accuracy of 100 nm allow for a coarser movement
of the whole system. These are controlled by a keyboard or joystick through a motor
controller PC board (C-842, Physik Intrumente, Karlsruhe, Germany).

FIGURE 3.1 — Photograph of loading device, reprinted with permission from
Peeters (2004).
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FIGURE 3.2 — Schematic drawing of the loading device and the objective of
the confocal microscope. The tip of the indenter is magnified for clarity.

3.2.2 BIOFILM GROWTH PROTOCOL

Layers of biofilm are grown on round cover glass slides (Menzel Glaser, Germany),
0.16 mm thick and 25 mm in diameter, by submerging the slides in a mixture ofStrep-
tococcus mutans(ATCC 700610, LGC Promochem, United Kingdom) bacteria and a
growth medium. The bacteria attach on the glass surface where they start growing with
aid of the nutrients that are provided from the growth medium. For two consecutive days,
growth medium is refreshed and new bacteria are added twice a day. The resulting biofilm
is approximately 100 micrometer thick.

Mold Preparation

The cover glass slides are coated with silane (3-aminopropyl triethoxysilane 99%, Janssen
Chimica, Belgium) to increase the hydrophobic properties of the surface. The slides are
cleaned with RBS and subsequently with methanol. After drying to the air, they are
dipped in a 0.05% (w/v) silane toluene (Merck, the Netherlands) solution for at least 10
minutes. The slides are dried overnight in an oven at 80◦C.

In order to fix the glass slides in the biofilm chamber of the indentation set-up, the
edge of the slides must be free of biofilm. A special mold was made as is shown in
Fig. 3.3. The mold consists of two aluminum plates, 138 mm in diameter and 5 mm
thick, with a silicone plate in between, 138 mm in diameter and 1 mm thick. Twelve
17 mm diameter holes are drilled in the top plate and in the silicone ring. Twelve 25 mm
diameter holes, 0.1 mm deep, are milled in the bottom plate. Before use, the mold is first
rinsed with a 2 % (v/v) RBS solution in water and subsequently with 100% methanol,
after which it is dried to the air. Twelve cover slides are placed in the bottom plate of
the mold. The silicone ring is put on top, and the smaller size of the holes prevents that
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FIGURE 3.3 — Mold consisting of aluminum top plate, aluminum bottom plate
and silicone ring.

biofilm is grown on the edge of the slides. The upper plate is placed on top and six bolts
that hold the mold together are tightened. The mold with the slides is put in a glass Petri
dish which is subsequently sterilized in an autoclave for 20 minutes at 121◦C.

Growth Medium and Bacterial Culture

Thegrowth mediumconsists of brain heart infusion (Sigma-Aldrich, the Netherlands), 37
g/l supplemented with 2% (w/v) sucrose (Sigma-Aldrich, the Netherlands). Thebacterial
culture is made by addingStreptococcus mutansbacteria to a small volume of brain heart
infusion (BHI) without sucrose and incubating it in an incubator at 37◦C and 5% CO2.

Growth Protocol

The following steps describe the three-day growth protocol for a standard biofilm. Note
that we have measured onone-day-oldand two-day-oldbiofilm further in this chapter.
These biofilms are grown for one day or for two days respectively. Furthermore, we
will refer to two-week-oldbiofilm later this chapter. Two-week old biofilm was grown
following the standard three-day protocol, but it was stored for fourteen days at room
temperature.

Day 1

9:00 am: Streptococcus mutansfrom frozen stock is thawed at room temperature.
100µl S. mutansis added to 2 ml brain heart infusion (BHI) and stored in
the incubator at 5% CO2 at 37◦C.

5:00 pm: 50 ml BHI, supplemented with 2% sucrose, inoculated with 100 ml of the
2 ml S. mutanssuspension, is added to a round Petri dish (150×25 mm,
Corning) The solution is mixed and stored in the incubator. A new culture
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is made by adding 50µl of the S. mutanssuspension to 5 ml BHI without
sucrose.

Day 2

9:00 am: Growth medium is exchanged with 50 ml BHI plus sucrose and 100µl of
the 5 mlS. mutanssuspension. A new culture is made by adding 100µl of
the previous culture to 2 ml BHI without sucrose.

5:00 pm: Growth medium is exchanged with 50 ml BHI plus sucrose and 100µl of S.
mutansof the 2 ml culture. A new culture is made by adding 50µl of the
previous culture to 5 ml BHI without saccharose.

Day 3

9:00 am: Growth medium is exchanged with 50 ml BHI plus sucrose and 100µl of
the 5 mlS. mutanssuspension.

5:00 pm: Growth medium is exchanged with 50 ml BHI plus sucrose. No bacteria are
added.

Day 4

9:00 am: Biofilms are harvested.

3.3 Biofilm visualization

3.3.1 EXPERIMENTAL PROCEDURE

Biofilm was grown on cover plates following the protocol as described in section 3.2.2.
Before placing a cover plate with biofilm in the cell chamber, the bacteria were stained for
30 minutes with 5µl/ml SYTO 9 and with 5µl/ml Propidium Iodide from a Live/Dead Ba-
cLight Bacterial Viability Kit (PI, Molecular Probes, the Netherlands). SYTO 9 stains the
cytoplasm of all bacterial cells fluorescent green; Propidium Iodide stains the dead cells
fluorescent red. When used both, living bacteria with intact membranes fluoresce green,
while dead bacteria with damaged membranes fluoresce red. Cell Tracker Green (Molec-
ular Probes, the Netherlands) was also tried instead of SYTO 9, but SYTO 9 resulted in
much higher fluorescence intensity, and therefore better image quality.

Confocal microscope

For imaging, an inverted microscope (Axiovert 100M, Zeiss, Germany) was used with a
confocal laser scanning unit (LSM 510, Zeiss, Germany). A confocal microscope has a
big advantage above standard microscopes: it has the capability of visualizing a single
slice of material within the top layer of a material. A pinhole in front of the photomul-
tiplier prevents light that is out of focus reaching the photomultiplier. It depends on the
absorbance of the material how deep the laser light can penetrate the material, and there-
fore, how deep one can ‘see’ in the material. This limit also depends on the used laser
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intensity, but for a proper illumination of the slices at all depths, the limit for biofilm is
approximately 30µm.

The microscope is combined with a laser scanning unit which has two laser sources:
a 25 mW Argon ion laser with a wavelength of 488 nm and a 1 mW Helium-Neon laser
with a wavelength of 543 nm. The SYTO 9 stain has maximum absorption at 485 nm and
has a maximum emission at 498 nm. Emission is recorded between 505 and 550 nm. The
PI stain has maximum absorption at 535 nm and has a maximum emission at 617 nm.
Emission is recorded above 560 nm. The two lasers pulsate in an alternate way, thus
exciting PI and SYTO 9 alternately. The emitted light is recorded by a CCD chip. To
prevent the stains from being bleached by the laser light, only 1% (Ar) and 3% (He-Ne)
of the laser power was used in the visualization experiments. The biofilm was observed
from below, through the glass slide, with a 63×, 1.4 NA, oil immersed objective.

3.3.2 RESULTS

Structure of the biofilm

Fig. 3.4(a) shows the structure of a two-week-old biofilm. The image size is 40×40µm 2.
The depth of field is approximately 2µm. Living bacteria are green, dead bacteria are
red. Approximately 50% of the biofilm was dead. Fig. 3.4(b) zooms in on the previous
picture, and shows that the bacteria are 0.5 - 1µm in diameter. Besides round bacteria,
elongated bacteria are present in the biofilm. It is not completely clear from these images
what material is in between the bacteria. Bacteria in biofilms are known to produce a
slime: extra-cellular polysaccharide (EPS), so it is possible that there is slime (unstained
and therefore invisible) in the black spots in Fig. 3.4. We believe, however, that water
may also occupy part of this intercellular space. Later in this section, we will present
arguments for this hypothesis.
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(a) (b)

1µm10µm

FIGURE 3.4 — Confocal images of a two-week-old biofilm. Living bacteria are
green, dead bacteria are red. The diameter of the bacteria can be estimated from
(b), which is a zoomed part of (a). Images in color can be found on page 167
(Fig. G.9).

Fig. 3.5 shows the vertical structure of a one-day-old biofilm, which is approximately
30 µm thick. From left to right we see the layer at 3, 8, 13, 18, 23 and 28µm above the
glass. Some images are slightly overexposed so that the upper part of the biofilm could be
visualized as well. Near the glass plate (at 3µm) biofilm has holes (black spots), which
are filled presumably with extra-cellular polysaccharide (EPS) or water. The top layer of
the biofilm has an uneven structure.

Visualization of biofilm failure

To visualize the failure mechanism of biofilm, the tip was dragged through the biofilm in
the lateral plane. We removed the force transducer, as it is made for measuring neither
large forces nor lateral forces. The original tip (80µm in diameter) is too fragile and was
replaced by a tip of 200µm in diameter.

The experimental procedure was as follows: the cover glass with the biofilm, stained
for at least thirty minutes with PI and SYTO 9, was placed in the cell chamber. A piece
of the biofilm, in the center of the cover plate, was removed beforehand with a cotton bud
to be able to localize the tip later on. Before dragging the tip through the biofilm, the
tip was positionedin the biofilm, approximately 10µm above the glass plate. Then, the
indenter was moved in the horizontal plane with steps of 2µm. After each step, a confocal
image was made at the desired height in the biofilm. Afterwards, the images were put in
a sequential other, creating a ‘movie’ of the biofilm deformation and/or biofilm failure.

At least twenty-five drag experiments were carried out to visualize the failure mech-
anism ofStreptococcus mutansbiofilm. Fig. 3.6 shows successive images of a typical
experiment. The black circle on the right of each image represents the indenter. The con-
focal microscope is focused 1µm above the end of the tip, so that the indenter is visible.
Some of the biofilmunder the indenter can also be identified. Three groups of bacteria
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FIGURE 3.5 — Series of confocal images from a one-day-old biofilm. The
biofilm is 30µm thick. Only SYTO-9 was used to visualize the bacterial cells.
Numbers refer to the height in the biofilm above the glass surface. Color images
can be found on page 167 (Fig. G.10).

are highlighted white, to indicate their motion and deformation.
One of the most remarkable observations is that only a very small part of the bacteria

‘feels’ the moving indenter. Only the bacteria that are approximately 30µm in front of
the indenter move. Bacteria farther away remain at their original position. Bacteria are
either grouped in lumps, or they are found as individuals. The white markers indicate
some lumps of bacteria. Lumps are highly deformable and do not break easily. Only at a
specific stress limit, the binding between the lumps is broken. It implies that the mutual
bonding of bacteria in lumps is higher than the bonding between lumps, and also higher
than the bonding between lumps and individual bacteria.

We hypothesized earlier that water is present in the biofilm. Following the motion of
lumps in front of the indenter, we observe that lumps always become more dense. It does
not matter at what height in the biofilm we observe the biofilm: the inter-bacterial space
becomes smaller at all heights. The material that was in between the bacteria must go
either up or down the plane of observation. But, since we see the same thing happening
in adjacent planes, the material between the bacteria mustflow to much higher layers.
This material is either slime or water that is squeezed out of the biofilm structure. The
presence of open channels in biofilms, which provide access to nutrition to bacteria in
the lower part of the biofilm, has been experimentally demonstrated by Charackliset al.
(1981). We conclude that this type of biofilm can be regarded as a two-phase material, or
porous material, that consists of bacteria and slime (EPS matrix) on one hand and water
and viscous EPS solution on the other hand.

At the back side of the dragging indenter, two types of biofilm motion were observed.
Either a wake is formed behind the indenter, as is shown in Fig. 3.7, or bacteria from
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10 µm

FIGURE 3.6 — Successive images of a drag experiment, in which a 200µm tip
(indicated by the red line) is dragged horizontally through the biofilm. Defor-
mation and advection of three lumps of biofilm is highlighted by the white lines.
Biofilm is one-day old, and has a thickness of 29µm. Color images are found
on page 168 (Fig. G.11).

20 µm

FIGURE 3.7 — Successive images of a drag experiment through one-day-old
biofilm, 29µm thick. The indenter is indicated by the red line and moves to the
left relative to the biofilm. Plane of observation is 5µm above the end of the
tip. A wake behind the indenter can clearly be seen. Color images are found on
page 168 (Fig. G.12).

elsewhere occupy the space behind the indenter without the formation of a wake. Both
modes of deformation were observed even on the same biofilm.

Just underneath the tip, the shear forces on the biofilm are the highest. Although
the velocity of the indenter is relatively small,i.e. 2 µm/s during one step, failure can
be expected at the interface of the glass indenter and the biofilm. In Fig. 3.8 three sub-
sequent images are shown while the indenter is dragged through the biofilm. The focal
plane is 2µm underneath the end of the tip. The whole biofilm underneath the indenter is
damaged. Here, the forces between the tip and the bacteria exceed the tensile strength of
the biofilm. The tensile strength is the maximum stress at which biofilm fails (Callister,
1993). Biofilm failure is determined by rupture of the slime between the bacteria. Bac-
terial cells are much more rigid and remain intact. The tensile strength of the biofilm is
therefore predominantly determined by the strength of the slime (EPS matrix).
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20µm

FIGURE 3.8 — Successive images of a drag experiment through two-day-old
biofilm, which is 75µm thick. The indenter is indicated by the red line. Plane
of observation is 2µm underneath the end of the tip. Biofilm underneath the tip
is completely damaged. Color images are found on page 168 (Fig. G.13).
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FIGURE 3.9 — Schematic representation of the indentation test. The flat-ended
cylindrical punch with radiusa is at heightHs at the beginning of an experi-
ment. Then it is lowered toHe. The amplitude of the motion isA. The original
thickness of the biofilm isH0.

3.4 Determination of mechanical properties by indentation

3.4.1 INTRODUCTION

Nano-indentation is a standard method for measuring material properties of thin films
(seee.g.Matthewson (1981)). A small indenter, which can be a flat plate, a sphere or
a cone, is pressed in the material, and the resulting force on the indenter is measured.
The resulting relationship between the stress (force) and the strain (displacement), which
can be time dependent, gives us the desired material properties, as long as we choose a
suitable constitutive equation.

In Fig. 3.9 the relevant parameters for an indentation experiment are indicated. We
will consider the indenter to be a rigid cylindrical flat-ended punch, and therefore, cylin-
drical coordinatesr,θ andzare used. The radius of the indenter isa. The original biofilm
thickness isH0. The starting position of the indenter isHs, the extremum position is at
He.

Two types of indentation experiments were carried out. In the first type, one cycle of
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a slow triangular wave was imposed on the indenter, enabling us to measure quasi-static
material behavior. In the second type, a step function was applied, giving information
about the dynamic behavior of the material.

He

Hs

T time (s)

z(µm)

A

FIGURE 3.10 — Load-unload function for the triangle protocol. The indenter
is initially at Hs. Then it is lowered 2A at a constant velocity toHe, where it is
moved up again with the same velocity to the initial position.

The details of the triangular waveform are shown in Fig. 3.10. The indenter followed
one cycle of a triangular wave with amplitudeA and periodT. Amplitudes were varied
from 1 µm to 20µm whereas the period remainedT = 40 s. The indenter started in a
maximum atHs. It was lowered with a constant velocity for a distance 2A until it reached
heightHe, and was moved upwards with the same velocity to its starting positionHs.

In the relaxation experiments, a Heaviside step function was applied to the displace-
ment (strain) of the indenter and the resulting force (stress) was measured. A Heaviside
step function is defined as

H(t) = 0 t < 0,

H(t) = 1 t ≥ 0.
(3.1)

For a purely elastic material, for example, the resulting stress is also a step function, but
for a visco-elastic material, the stress relaxes to a smaller value than is measured just
after the step as is depicted in Fig 3.11. The relaxation time,τ, is the exponential decay
time, which is defined as the time to reach(1−1/e) = 0.63 of the difference between the
maximum stress and the final stress value.

Preparation of the biofilm

For the mechanical characterization of the biofilm we used a tip that was 80µm in diam-
eter. Staining of the biofilm was not necessary for the compression tests. Nevertheless,
it was done to visualize the biofilm behavior during compression experiments. Before
putting the cover glass in the set-up, the biofilm was stained for at least thirty minutes
with PI and SYTO 9. A piece of the biofilm, in the center of the cover plate, was removed
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FIGURE 3.11 — Typical stress and strain behavior in time for a relaxation ex-
periment of a visco-elastic solid. The dashed line shows the step function of
the strain, resulting into a time-dependent behavior of the stress in the material.
Note that two vertical scales are used: both stress and strain are zero before the
step is applied.

beforehand with a cotton bud to be able to localize the tip and to estimate the thickness of
the biofilm. The thickness of the biofilm was determined with the indenter. First, above
the cleaned part of the glass, the indenter was lowered until the output of the force trans-
ducer indicated that the tip had reached the cover glass. Then, the indenter was moved
up again and sideways to an undamaged piece of the biofilm, where it was lowered until
it touched the biofilm. Subtracting the two position readings gives the thickness of the
biofilm. Subsequently we moved the tip again to a ‘fresh’, undamaged part, and so that it
was approximately ten micrometers above the biofilm. This was the starting position of
the experiment.

3.4.2 SLOW INDENTATION OF BIOFILM

Indentation tests on thin layers and coatings are always difficult, since the measurement
is influenced by the substrate underneath the thin layer. The properties of the glass plate
must therefore be measured as well. A comparison between an indentation test on glass
and on biofilm was made. Fig. 3.12 shows the force-displacement curve of glass and of
biofilm. Biofilm is approximately forty times softer than glass, which makes it acceptable
to ignore the material parameters of the glass substrate in all biofilm experiments. The
small displacement that is measured for glass is not due to indentation of the glass plate,
but is purely due to the compliance of the entire system, which is mostly determined by
the compliance of the force transducer.

Fig. 3.13 shows a typical result of a slow indentation measurement on a two-day-old
biofilm. The displacement of the indenter is shown in Fig. 3.13(a). The peak-to-peak
amplitude of the indenter is 30µm. The initial position of the indenter is in the water,
well above the biofilm. As the indenter moves down with a constant velocity of 1.5µm/s,
the force increases slowly at a rate of approximately 0.1µN/µm (b). At a height of 22µm
(c), the force starts to increase until it reaches a maximum force of 17µN at a position of
30 µm. Having reached the maximum amplitude, the indenter instantaneously is moved
back with a velocity of 1.5µm/s. A small hysteresis effect can be observed in Fig. 3.13(c),
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FIGURE 3.12 — Force-displacement diagram for glass and for two-day-old
biofilm (thickness 75µm).
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FIGURE 3.13 — A triangular wave imposed on the indenter’s displacement (a),
results in a force on the indenter as depicted in (b). Combining (a) and (b) gives
a force-displacement diagram (c). The peak-to-peak amplitude of the triangle
is 30µm and the velocity of the indenter is 1.5µm/s. The surface of the biofilm
begins at 22µm. The arrow indicates the path of the indenter. The biofilm is
two days old and has a thickness of 75µm.

where the force is plotted as a function of the displacement of the indenter: during the
upward motion, the force on the indenter is less than during the downward motion. This
is either a viscoelastic effect, or it is plastic deformation of the biofilm.

During the first part of the motion (0 - 20µm), when the indenter moves through the
water layer above the biofilm, the force on the indenter increases slightly, see Fig. 3.13(c).
The force on an object that is dragged through a fluid is determined by viscosity, buoyancy
and surface tension. In appendix B the magnitude of these forces is estimated. It was con-
cluded that the observation is a surface tension effect. It will not affect the measurements
much, as the magnitude is relatively small.

The thickness of the biofilm is estimated by first localizing the position of the glass
substrate, which was at 97µm. The biofilm surface is at a height of 22µm, according to
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Fig. 3.13(c), so the biofilm layer is 75µm thick.

Definition of the elasticity modulus

When a bar is stretched or compressed in one direction with a stressσ, it generally ex-
hibits a strainε = ∆l/l , which is the relative elongation of the bar. For alinear elastic
material, the relative elongation is proportional to the applied stress, and the proportion-
ality constantE is called Young’s modulus:

σ = Eε . (3.2)

Not only will the bar elongate if a tensile stress is applied; for most materials the non
constrained sides of the bar will contract with a factorνε, whereν is Poisson’s ratio.

If a linear elastic material is subjected to a uniform pressure,p, the relative volume
change∆V/V is linearly related to the pressure

p = K
∆V
V

, (3.3)

whereK is the bulk modulus of the material.
In torsion experiments ashearstress is responsible for a strain, and again, for linear

elastic materials, there exists a linear relationship between the shear stressτ and the shear
strainγ:

τ = Gγ , (3.4)

with G the shear modulus.
Now we have defined three moduli of elasticity, and they are related through the

following equations:
E = 2G(1+ν) = 3K(1−2ν) . (3.5)

The situation is much more complex for a cylindrical indenter with radiusa which
is pressed into a thin film with thicknessh. Whena/h→ 0 the layer thickness is much
greater than the radius of the indenter, and we have the situation of an indenter pressing
into an elastic half space. The applied load satisfies (Maugis, 2000)

F1(z) =
2Eaz
1−ν2 =

8Eaz
3

= Fref , (3.6)

which is independent of the friction between the layer and the adhering surfaces. The
assumption has been made that the material is incompressible (ν = 0.5) here. This seems
to be a safe assumption, as the water fractions in biofilm are high (Charackliset al.(1981)
reported water fractions in biofilm ranging from 87−99%)∗.

∗In section 3.3.2 it was observed that biofilm can be regarded as a two-phase material, or porous
material (seee.g.Gibson and Ashby (1988)), consisting of bacterial cells and slime and/or water.
Indentation of such a material results in (visco)elastic or plastic deformation of the matrix structure,
while the water is squeezed out. The elastic approach for biofilm that is used here does not take into
account the fluid flow.
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For very thin layers (a/h→∞) Yang (1998) found an analytical solution for the force
on the indenter as a function of the displacement. If the film is bonded to the indenter and
to the substrate, then the applied load satisfies

F2(z) =
πEa4z

2h3 = Fref
3π
16

(a
h

)3
, (3.7)

which is proportional to the indentation depthz and inversely proportional to the third
power of the film thicknessh. If one instead assumes frictionless contact between the film
and its adjacent surfaces, the applied load satisfies

F3(z) =
4πEa2z

3h
= Fref

πa
2h

, (3.8)

which is just inversely proportional to the film thicknessh.
Our experiments fulfill neithera� h nor a� h. The thickness of the biofilm layer

is of the order of the radius of the indenter:a≈ h. In this case, the governing equations
cannot be solved analytically. Yang (1998) found the relationship between the applied
load and the film thickness by numerical calculations (Fig. 3.14). The relationship be-
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FIGURE 3.14 — Numerical results of the relationship betweenF/Fref as a func-
tion of a/h. The thick solid line holds for friction between the film and the solid,
the thick dashed line holds for frictionless contact. The thin lines represent the
limit cases fora/h→ ∞ (Eqs. (3.7) and (3.8)).

tweena/h andF/Fref starts at 1 ata/h = 0 which is the situation for indentation of a
half-space. With increasinga/h the applied load increases, until it approaches the results
of (3.7) and (3.8) asa/h→ ∞. In the range 0.01≤ a/h≤ 10, Yang (1998) used a fifth
order polynomial to fit the relations between the applied load and the indentation depth:

F
Fref

=
5

∑
n=0

an ·
(a

h

)n
, (3.9)
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TABLE 3.2 — Coefficientsan in Eq. (3.9) for the case that the contact between
the indenter and the film is frictionless and for the case that the film is bonded
to all surfaces.

frictionless bonded

a0 0.98 0.98
a1 1.01 1.29
a2 0.25 1.09
a3 −0.046 0.57
a4 3.67·10−3 1.41·10−3

a5 −1.01·10−4 −3.53·10−4
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FIGURE 3.15 — The tangent elasticity modulus̃E is defined as the gradient
dF/dz in the force-displacement diagram multiplied by a factor 3/16a. The
measurement shown is done on a two-day-old biofilm with a thickness of 75µm.

where the coefficients foran are given in table 3.2.
The ratio between the radius of the indenter and the thickness of the biofilm layer in

our experiments range between 0.5 < a/h < 0.66, so that the ratioF/Fref roughly equals
1.5 for frictionless contact and equals 2 when the indenter is bonded. Note that small
variations ofa/h in this range do not alter these values significantly.

We assume that the biofilm is bonded on all the contact surfaces, as it can be ex-
pected that biofilm fulfills no-slip behavior. The elasticity modulus of the biofilm can be
determined by measuring the forceF as a function of the indentation depthz

E(z) =
3F

16az
, (3.10)

where Eq. (3.9) was used witha/h = 0.5. Fig. 3.15 shows the relation between the force
on the indenter and the indentation depth measured on a two-day-old biofilm which was
75 µm thick. According to Eq. (3.10), one expects a linear relationship betweenF andz
when the elasticity modulus is constant. This biofilm sample shows a non-linear relation-
ship betweenF andz, which leads us to the conclusion thatE is not constant. Instead of
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FIGURE 3.16 — The tangent elasticity modulus̃E as a function of the inden-
tation depth. As the indenter goes deeper in the material,Ẽ increases from 0
to 20 kPa for axial strains from 0 - 12%. This test was done on two-day-old
biofilm with a thickness of 75µm. The dashed and dotted lines show the sensi-
tivity of the determination of the water-biofilm transition. Shown are the results
for the case that the water-biofilm transition is determined 1µm above or below
the value of the solid line.

using Eq. 3.10, we will now define a tangent elasticity modulus, which is defined as:

Ẽ(z) =
3

16a
dF
dz

. (3.11)

An example of the determination ofẼ at some point during the loading curve is shown in
Fig. 3.15.

The solid line in Fig. 3.16 shows̃E belonging to the loading part of Fig. 3.15. The
elasticity modulus starts at 0 kPa, which approximately represents the modulus of the
water above the biofilm. Then,̃E increases almost linearly to a value of 50 kPa at a depth
of 9 µm, which corresponds to a strain of 12%. This is in contrast with the behavior of a
linear elastic material, where the elasticity modulus is constant. Biofilm material becomes
more stiff as we compress it. It was indeed observed that the density of bacteria increases
upon indentation, indicating that water or slime is squeezed out of the biofilm when it is
compressed. The small value of the modulus in the beginning of the experiment might be
due to the hilly surface of the biofilm. The actual contact area is then smaller than the tip
area that is used to calculateẼ.

It is hard to distinguish water from biofilm. The water-biofilm transition can be de-
termined with a 2µm accuracy, which obviously effects the calculation ofẼ. This error is
indicated by the dashed and dotted line in Fig. 3.16, which representsẼ for the case that
the transition is determined 1µm higher or lower. For this two-day-old biofilm, the tan-
gent elasticity modulus increases from 0−20 kPa for axial strains ranging from 0−12%
with an error of 4 kPa.
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Homogeneity of the biofilm

The growth protocol for biofilm is developed with the intent to create a homogeneous
biofilm. To see how much the properties of the biofilm vary across its surface, series of
measurements were done on one biofilm at different lateral positions. The peak-to-peak
amplitude of the triangular waveform is 50µm. We used three-day-old biofilm which had
a thickness of 60µm.

In Fig. 3.17(a) loading curves of seven measurements at seven different lateral posi-
tions in the biofilm are shown. Each time, the experiment is started at the same height
above the glass surface. The biofilm layer is reached when the force on the indenter starts
to increase. The variation in the position of this transition of the seven measurements indi-
cates that the surface of the biofilm is not smooth and flat. The maximum height variation
of the biofilm layer is approximately 17µm.

Fig. 3.17(b) shows the curves shifted along the horizontal axis, so that a compari-
son can be made between the intrinsic properties of the biofilm along its surface. The
curves coincide remarkably well, which indicates that the biofilm has homogeneous ma-
terial properties. That is, along the surface of this specific biofilm, and at the length scale
of the indenter (80µm). On smaller length scales, the material properties can still vary
significantly, but these variations are averaged out by the relatively large size of the in-
denter. The tangent elasticity modulusẼ for this biofilm varies between 0 – 40 kPa for
axial strains of 0 – 50%.
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FIGURE 3.17 — Force-displacement diagrams for seven indentation tests on
different positions on a three-day-old biofilm. Biofilm thickness is approxi-
mately 60µm. Tip amplitude is 50µm peak-to-peak. (a) different positions
of force increase indicate the surface roughness of the biofilm; (b) shifting the
curves along the horizontal axis gives almost identical relations between the
force and the displacement, indicating constant material properties along the
biofilm surface.
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FIGURE 3.18 — Tangent elasticity modulus̃E as a function of strainε for dif-
ferent biofilm samples. The results for two-day-old biofilm (solid lines) with a
thickness of 75µm and a three-day-old biofilm (dashed lines) with a thickness
of 60µm are compared.

Variation between biofilms

It can be expected that the duration of biofilm growth influences the mechanical behavior
of the biofilm. It has been noticed that younger biofilms are thinner and less compact
than older biofilms. In Fig. 3.18, we have plotted the tangent elasticity modulusẼ as a
function of the strain (ε) for four biofilm samples. The two-day-old biofilm (solid lines) is
more stiff than the three-day-old biofilm (dashed lines), but the variations are rather large.
For strains of 10%, the tangent modulus ranges from 1-15 kPa. Such large variations are
commonly observed in biofilms, as can be seen from table 3.1.

3.4.3 RELAXATION EXPERIMENTS

For the determination of the dynamical behavior of biofilm, relaxation experiments were
done on three-day-old biofilm that was 80µm thick. The indenter was positioned a few
micrometers in the biofilm, to ensure good contact between the indenter and the biofilm,
and a step was applied to the displacement of the indenter. The corresponding force
on the indenter was monitored. In succession – with pauses in between – three steps
were applied, with peak-to-peak amplitudes of 2, 4 and 6µm. Then, the indenter was
lowered 5µm and the three measurements with increasing strain levels were repeated.
The procedure was repeated 5µm deeper (see Fig. 3.19).

Series of three relaxation experiments are done at different positions in the biofilm,
varying from 5µm (touching the biofilm) to 25µm in the biofilm. Two spots on two three-
day-old biofilms were subjected to measurement. In total, eighteen relaxation experiments
were performed.
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Hs H0He

FIGURE 3.19 — Schematic representation of the relaxation experiments on
biofilm. The biofilm thickness isH0; Hs is the starting position of three consec-
utive experiments with amplitudes of 2µm, 4µm and 6µm.
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FIGURE 3.20 — A Maxwell element in parallel with a spring is used to model
the biofilm.

Modelling

An elastic material can be modelled by a single spring; likewise a visco-elastic material
can be represented by a combination of a spring and a dashpot, either in series or in par-
allel. Combinations of multiple springs and dashpots are also possible for more complex
materials. For small strains, we assume that the biofilm can be described by a model con-
sisting of a Maxwell element (a spring and a dashpot in series) in parallel with a spring,
see Fig. 3.20. This is a simple model for a viscoelastic solid. In many other studies (see
e.g. Stoodleyet al., 1999; Towleret al., 2003) biofilm is modelled by a Kelvin element
(a spring and a dashpot in parallel) in series with a dashpot, which is a model for a vis-
coelasticfluid. We will show that theS. mutansbiofilm that we cultivate behaves as a
viscoelastic solid.

The Maxwell element consists of a spring with spring constantE1 in series with a
dashpot with damping constantη1. The isolated spring has a spring constantE2. It can
be derived that the motion of the system is described by the following linear differential
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equation:

σ+
η1

E1

dσ
dt

=
η1

E1
(E1 +E2)

dε
dt

+E2ε , (3.12)

whereσ is the total stress (σ = σ1 + σ2) andε is the strain (ε = ε1 = ε2). We can obtain
E1, E2 andη1 from the stress-strain relationship in a relaxation experiment for example.
Let us shortly explain how this is done. Suppose that att = 0 the strain jumps to a value
ε0 and remainsε0:

ε(t) = ε0H(t) , (3.13)

with H(t) the Heaviside step function (3.1). The first derivative ofε(t) equals

dε(t)
dt

= ε0 δ(t) , (3.14)

with δ(t) the Dirac delta function which is defined as

δ(t) = 0 for t 6= 0,

∞∫
−∞

δ(t) = 1. (3.15)

Substitutingε anddε/dt in (3.12) gives

σ+
η1

E1

dσ
dt

=
η1

E1
(E1 +E2)ε0 δ(t)+E2ε0H(t) . (3.16)

We can solve this differential equation by performing a Laplace transform (seee.g.Kreyszig,
1993), rearranging terms, and performing an inverse Laplace transform. The result is

σ(t) = E2ε0 +E1ε0 exp(−E1

η1
t) for t ≥ 0. (3.17)

The initial stress response for a viscoelastic solid isσ(0) = ε0(E1 + E2). The dashpot
can be regarded as rigid at these strain rates, so only the two springs play a role. The
material then relaxes in a viscous manner, with a relaxation timeτ to a final stress value
of σ = E2ε0. This can also be seen from Fig. 3.20. At very small stress rates, the dashpot
(η1) follows the deformation completely, and the spring (E1) does not play a role. The
relaxation timeτ is the exponential decay time, which equalsη1/E1.

Results

Fig. 3.21 shows the results of a relaxation experiment on three-day-old biofilm, which is
80µm thick. The experiment starts at a depth of 10µm in the biofilm, atHs = 70µm. The
applied peak-to-peak amplitudes 2, 4 and 6µm correspond to strains (εz) of 2.9%, 5.7%
and 8.6%, see Figs. 3.21(a) and (b). The resulting force on the indenter is shown in (c)
and the corresponding stress in the material under the indenter is shown in (d). Here, we
have assumed that the stress in the biofilm,σ, can be approximated by dividing the force
on the tip by the surface of the circular end of the tip (A), or

σ =
F
A

. (3.18)
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FIGURE 3.21 — Results of relaxation tests on three-day-old biofilm, 80µm
thick. Peak-to-peak amplitudes of the indenter were 2µm (solid), 4µm (dashed)
and 6µm (dotted). (a) shows the displacement with time, (b) shows the corre-
sponding strain with time, (c) shows the force on the indenter with time and (d)
shows the corresponding stress with time. The total duration of the experiment
is 60 s; only the part between 25 s and 35 s is shown here. Initial position of the
indenter is 10µm in the biofilm (Hs = 70µm).

The three stress curves in Fig. 3.21(d) can be fitted by the stress solution of the linear
visco-elastic model, Eq. (3.17). Since we apply a constant strain att = 30 s,dε/dt = 0 and
the solution of the stress is of the formσ = (E2 +E1exp(−τ/t))ε0. The three constants
E1, E2 andη1 are numerically obtained by a least-squares-method. The relative error (χ)
between the stress function and the numerical fit, defined by

χ2 =

N
∑

i=0
[σ(ti)−σ′(ti)]2

N
∑

i=0
σ(ti)

2
, (3.19)

is minimized by a standard MatLab algorithm. Here,σ(ti) represents the experimental
data andσ′(ti) is the numerical fit, withti the discretized time. The fitting parametersE1,
E2 andτ are guessed initially.

The result of the fitting procedure is shown in Fig. 3.22, where the black solid curves
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represent the fit. The fitting coefficients for this experiment (biofilm nr. 1 with starting
position of the indenter at 70µm) are shown in table 3.3. For alinear viscoelastic material,
one expects thatE1, E2 andτ are constants,i.e. independent of the applied strain. We
observe an increase of bothE1 andE2 with the strain. The material becomes more stiff
as it is compressed more, which is in agreement with the results of the slow indentation
tests.

The process of droplet impact only takes a few microseconds, so the initial response
of the biofilm is important. The initial elastic response of the biofilm is determined by
E1 +E2, becauseσ(t = 0) = (E1 +E2)ε0, see Eq. (3.17). We findE1 +E2 = 8.5, 9.2 and
9.4 kPa for increasing strain levels respectively, meaning that the biofilm becomes more
stiff as it is compressed more.

0 1 2 3 4 5
0

500

1000

time (s)

σ 
(P

a)

FIGURE 3.22 — Result of exponential fit for three relaxation experiments.
Biofilm thickness is 80µm. Starting position of the indenter is at 70µm from
the glass for all experiments. Peak-to-peak amplitudes are, from bottom to top,
2 µm, 4µm and 6µm.

In table 3.3 the results of all experiments on two similar biofilms are given. Both
biofilms are three days old, and have a thickness of 80µm. Depending on the starting
position of the indenter, which varied from 5µm to 25µm in the biofilm, the applied
strains varied. We define the strain here based on the thickness of the biofilm underneath
the indenter at the start of the experiment. At 5µm, the three strain levels are 2.7%,
5.3% and 8.0%, whereas at 25µm they are 3.6%, 7.3% and 10.9%. The elastic constants
increase for increasing starting positions of the indenter. The time constantτ remains
reasonably constant during all experiments. We also see that the biofilm becomes more
stiff (higher values forE1 andE2) when it is compressed.

If we do an experiment with a peak-to-peak amplitude of 6µm starting at 75µm
above the biofilm and compare it with a experiment with a peak-to-peak amplitude of
2 µm starting at 70µm, we expect to find almost identical values forE1, E2 since we are
pressing at the same height in the biofilm. To check this, we have plottedE1 andE2 as a
function of the final indentation depth,H0−He, see Fig. 3.23. Both values ofE1 (circles)
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FIGURE 3.23 — Elastic constantsE1 (◦, •) and E2 (�, �) as a function of
the final indentation depth for two biofilms. Both biofilms are three-day-old
and 80µm thick. A depth of zero corresponds to the thickness of the biofilm,
80µm.

andE2 (squares) increase with final indentation depth. This behavior is observed for both
biofilms. It is quite clear that the biofilm changes during the time that the indenter is
lowered for a new set of three measurements. This is seen from the ‘steps’ inE1 andE2.
Most likely, the biofilm changes in between two series of experiments due to the water
that flows through the micro channels. Comparing the two biofilms, we observe quite
some variation inE1, while values forE2 correspond reasonably well (table 3.3).

The agreement between Fig. 3.18, which shows the results for the triangular wave
experiments on different biofilms, and Fig. 3.23 is acceptable. We can compareE2 with
Ẽ, since the triangular wave experiments were done relatively slowly. For a three-day-
old biofilm, we foundẼ ≈ 10 kPa at a strain level of 40 %, and for this three-day-old
biofilm, we find from Fig. 3.23E2 ≈ 8.5 kPa at the same level of strain, for which
H0−He = 32µm.



44 Visco-elastic properties of biofilm| Chapter 3

TABLE 3.3 — Overview of relaxation experiments performed on two
biofilms. Given are the coefficientsE1, E2 andτ obtained by a linear
model for a visco-elastic solid, the relative error of the analytical fit,S.

biofilm Hs strain E1 E2 τ χ
nr. (µm) (%) (kPa) (kPa) (s) (%)

1 75 2.7 0.73 5.03 0.35 5.5
75 5.3 0.97 5.43 0.33 4.5
75 8.0 1.10 5.64 0.27 4.0

70 2.9 1.37 7.14 0.36 4.4
70 5.7 1.86 7.36 0.27 4.6
70 8.6 1.82 7.58 0.23 4.9

65 3.1 2.02 9.77 0.31 5.2
65 6.2 2.61 10.3 0.26 4.5
65 9.2 2.83 10.4 0.22 4.4

2 65 3.1 2.54 3.47 0.30 7.7
65 6.2 3.04 3.85 0.26 7.7
65 9.2 3.63 4.10 0.23 6.5

60 3.3 4.52 5.02 0.28 6.9
60 6.7 4.95 5.26 0.25 6.7
60 10.0 5.32 5.47 0.23 6.8

55 3.6 7.16 7.33 0.27 7.3
55 7.3 8.07 8.02 0.25 7.6
55 10.9 8.56 8.30 0.25 131

1Experiment showed severe damped oscillations of the force after step.
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3.5 Discussion

Micro indentation tests were performed onStreptococcus mutansbiofilms. The mechan-
ical properties were measured by pressing a cylindrical flat-ended indenter in the biofilm
and measuring the corresponding force on the biofilm. The failure mechanism of biofilm
was visually investigated by dragging an indenter horizontally through the biofilm layer.

We conclude that biofilm behaves as a visco-elastic solid, with an elasticity modulus
that is dependent of the strain. This is in agreement with the study of Stoodleyet al.
(1999), but they used different bacteria. Our findings are not in agreement with other
studies (Vinogradovet al., 2004; Shawet al., 2004), whereStreptococcus mutansbiofilm
was characterized as a viscoelasticliquid. A different growth protocol was used, however.

A tangent elasticity modulus̃E was defined. The tangent elasticity modulus was
determined for two-day- and three-day-old biofilm. In the experiments, where a triangular
waveform was imposed on the indenter, the elasticity modulus strongly increased with
indentation depth. Typically,̃E ranged between 1 and 15 kPa at a strain of 10%.

A linear three-element visco-elastic constitutive model was used to fit the relaxation
experiments. Relaxation experiments at different depths in the biofilm and at different
strain levels indicate that biofilm behaves non-linearly for strains between 2% and 11%.
We measured values ofE2 ranging from 5 - 8 kPa at strains around 10%. The relaxation
time ranges between 0.2 - 0.4 s. Tests performed at similar depths, with a time interval in
between, indicate that a greater relaxation time is involved, which is possibly due to flow
of water or slime.

The biofilms of Vinogradovet al. (2004), who usedS. mutansgrown under shear,
were less stiff than our biofilms. The shear modulus can be related to the elasticity mod-
ulus by assuming a Poisson’s ratio ofν = 0.5. Then, the shear modulus of(1.9±3.8) ·
102 Pa corresponds to an elasticity modulus of(0.57±1.14) kPa, which is an order of
magnitude smaller than our findings. Shawet al. (2004) found forS. mutansbiofilms a
shear modulus ranging from 10−1000 Pa, which can be related to an elasticity modulus
of 0.03−3 kPa, which is also smaller. Presumably, the growth method and the growth
time is very important for the mechanical properties of biofilm. Both Shawet al. (2004)
and Vinogradovet al. (2004) grew their biofilms under shear, whereas our biofilms are
grown under still conditions.

Biofilm is the collection of bacterial cells embedded in a polymeric slime matrix
(EPS). The visual drag experiments reveal that biofilm failure is determined by the strength
of the EPS matrix: biofilm fails when the EPS matrix fails. The bacterial cells remain in-
tact. It was not possible to measure or estimate the tensile strength for biofilm with the
set-up used.

It is concluded that the biofilm considered is a two-phase material consisting of a
network of bacteria and slime on one hand and water and/or slime on the other hand.
The mechanical properties of the biofilm change during indentation tests as a result of
the water and slime being squeezed out of the network. The bacterial volume fraction
increases and the material becomes more stiff.

To understand the removal mechanism of biofilm by droplet impact, one needs to
know the mechanical behavior at small time scales. The timescale for droplet impact is
typically 1 µs. We found that the initial response on strain is purely elastic, but with this
set-up we cannot resolve the response on timescales smaller than typically 0.1 s. This
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work contributed to the development of a constitutive model for our biofilms, but still
information is needed on the tensile strength of biofilm, as this determines the onset of
biofilm removal.



4

CHARACTERIZATION OF SPRAYS

4.1 What are sprays?

In this study we will define a spray as an ensemble of fine liquid droplets that moves
through a gas. The size of droplets in a spray range from a few micrometers to approxi-
mately 1 mm. Examples of natural sprays can be found as drizzle, mist and clouds. This
chapter briefly addresses how sprays can be characterized. Also, a concise description of
experimental techniques that are used in chapters 5 and 6 will be given. For more infor-
mation on measurement methods, the reader is referred to the work of Lefebvre (1989),
that gives an extensive overview on atomization and sprays.

4.2 How are sprays produced?

A spray is produced either by atomization of a bulk liquid or by condensation of a satu-
rated vapor. The first method is by far the most widely used. Liquid jets and liquid sheets
naturally disintegrate into liquid filaments and into droplets due to growth of instabilities
on the liquid surface. This is referred to as Rayleigh breakup.

Finer atomization is achieved by creating a large velocity difference between the
liquid and the gas. The resulting shear forces on the liquid disintegrate it into smaller
droplets than in the Rayleigh breakup regime. A new surface is formed when the inertia
forces overcome the surface tension forces. The Weber number is a measure for the ratio
of the two opposing forces:

We=
ρgU2

relD

σ
, (4.1)

whereρg is the density of the gas,Urel is the relative velocity between the air and the
liquid, D is the diameter of the droplet andσ is the surface tension coefficient. The
critical Weber number pertains to the state in which the aerodynamic drag just equals the
surface tension force, its value being Wecrit = 8/CD with CD the coefficient of drag, which
is a function of the Reynolds number. A given droplet will break-up if the Weber number
of the flow is higher than critical.

A large velocity difference between the liquid and the gas can be achieved by either
discharging a high velocity liquid stream into a low velocity air stream, or the other way
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FIGURE 4.1 — Schematic of two pressure atomizing nozzles and an air-assisted
atomizing nozzle. Indicated are two cross-sections and the characteristic shape
of the spray pattern.

around, by adding liquid at low velocities to a high speed air stream The first method
is known as pressure atomization, the latter is known as twin-fluid, air-assist or airblast
atomization (Lefebvre, 1989).

Many types of atomizing nozzles exist, and discussing them all is beyond the scope
of this chapter. As an example, three atomization nozzles are shown in Fig. 4.1.

In a plain-orifice atomizer the liquid under pressure is simply discharged through a
small circular orifice. If the pressure is low, a round circular jet leaves the nozzle. Due
to natural instability of the jet, it breaks up in evenly spaced droplets that are approxi-
mately twice the diameter of the orifice. This is referred to as Rayleigh break-up. At
high pressures, the atomization occurs at the nozzle exit and much finer atomization is
established.
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In a swirl atomizer, the liquid enters theswirl chambertangentially through one or
multiple inlets. The liquid flows tangentially along the walls of the swirl chamber and
leaves the orifice at an angleθ. The center of the swirl chamber remains filled with a
cylinder of air. The conical sheet of liquid that leaves the nozzle breaks up in ligaments
and droplets. The spray has a hollow cone. If friction is ignored, the tangential velocity
of the liquid that leaves the nozzle is proportional to the ratio of the swirl chamber radius
and the nozzle radius, and to the velocity at which the liquid enters the swirl chamber.
This is as a result of conservation of angular momentum.

In the air-assist atomizer, the liquid is added to a high velocity air stream and disin-
tegrates in ligaments and eventually, in droplets. The nozzle that was used in thein vivo
experiments on removing dental plaque as described in chapter 2 falls in this category.

4.3 Characterization of sprays

Sprays can be characterized by the droplet size distribution, the velocity distribution, the
liquid flow rate and the patternation. Patternation is the spatial distribution of liquid that is
deposited on a surface. Spray formation, with the formation of the liquid sheet, and subse-
quently the disintegration of the sheet into ligaments and drops is a heterogeneous process,
which is still not completely understood (Lefebvre, 1989). In general, the droplets in a
spray have a rather broad size distribution. Only specific atomization methods, such as a
plain orifice nozzle operating in the Rayleigh regime or a rotary atomizer∗, have relatively
monodisperse size distributions.

4.3.1 DROPLET SIZE DISTRIBUTION

A typical size distribution of droplets in a spray is shown in Fig. 4.2. It displays the
number of droplets that falls within a droplet size range. In other cases, the volume
within a droplet size range is depicted as a function of size, which is referred to as a
volume based histogram.

The droplet size distribution can be characterized by quantities such as the mean di-
ameter, the median diameter, the mode, and by the variance in size. Let there beN droplets
with diameterdi , i = 1. . .N. Then, a useful statistical quantity is the mean diameterDab

defined as

Dab =


N
∑

i=1
da

i

N
∑

i=1
db

i


1

a−b

, (4.2)

wherea andb are integers. Then, the length mean diameter becomesD10

D10 =

N
∑

i=1
di

N
. (4.3)

∗In a rotary atomizer the liquid is discharged from a rotating disk, cup of wheel.



50 Characterization of sprays| Chapter 4

0 10 20 30 40 50
0

50

100

150

droplet size (µm)

nu
m

be
r o

f d
ro

pl
et

s 
(−

)

FIGURE 4.2 — Typical drop size histogram of 1000 droplets.D10 is equal to
25µm.
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FIGURE 4.3 — (a) drop size histogram for a specific spray; number distribution
(solid line), volume distribution (dashed line). (b) the mean, mode and median
of a distribution illustrated for a bi-modal number distribution.

The volume weighted mean diameter equalsD30. Multiplying the volume of a droplet
with diameterD30 by the total number of droplets gives the total volume of the sample.
Another frequently used distribution mean is the Sauter mean diameter (SMD), which
equalsD32. It is inversely proportional to the specific surface area (total surface area
divided by total volume). Fig 4.3(a) illustrates the difference between the number distri-
bution, f (D), and the volume distribution of a spray,f (D3), and it indicates the number
mean and volume mean. The volume distribution is skewed to the right, due to the weight-
ing effect of the larger drops. Clearly, it is important to specify how a mean droplet size
is calculated.

Apart form the various methods to calculate themean, often themedianand themode
of a size distribution are given. The median of a distribution is a number that divides a
distribution in two equally sized groups. The number median diameter (NMD) is referred
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FIGURE 4.4 — A phase doppler particle analyzer (PDPA) measures the size and
velocity of drops simultaneously, making it possible to construct a size-velocity
diagram, in which each dot represents a measurement of a single droplet. Shown
is the size-velocity diagram of a swirl nozzle.

to as D[n,0.5] and the volume median diameter (VMD) is referred to as D[v,0.5]†. The
median is more robust than the mean, as it will not be influenced by outliers,i.e. very
large or very small droplet sizes.

The mode corresponds to the maximum in a distribution. Fig. 4.3(b) illustrates the
differences between mode, mean and median in a bimodal droplet size histogram.

To describe the shape of a droplet size distribution, one needs at least two parameters:
a mean value and a variance. The variance is a measure for the dispersion of the spray
(i.e. the width of the distribution). We will use the FWHM (Full Width at Half Maximum)
value to describe the variance of the droplet size distribution.

To summarize: the average of a droplet size distribution is ambiguous and many
definitions are used. It is important to state what definition is used. Furthermore, it is
important to give the variance of the size distribution.

4.3.2 VELOCITY DISTRIBUTION

A velocity distribution function represents the velocity of the droplets in a spray. The same
remarks about mean, mode and median apply here. If one is interested in the mean kinetic
energy of the droplets for example, the corresponding velocity mean shifts to a higher
value due to the square proportionality of the kinetic energy with velocity, completely in
analogy with the surface area mean in a droplet size histogram.

For phase doppler particle analyzers (PDPA), in which the velocity and the size of a
droplet is measured simultaneously, the data is often represented as in Fig. 4.4. Each dot
represents an individual droplet with a certain diameter and a certain velocity.

†In Lefebvre (1989) the VMD is referred to as D0.5, but since this can cause confusion, we adapt
other notations for NMD and VMD
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4.3.3 TEMPORAL AND SPATIAL SIZE DISTRIBUTIONS

Particle size distributions can be classified as spatial or temporal size distributions. A
spatial size distribution is the size distribution of the drops in a unit volume at some
instant in time. A temporal size distribution is the size distribution of all particles that
pass a unit area during a time intervalT. If the velocity of all the droplets in the spray
would be the same, there would be no difference between a spatial and a temporal size
distribution.

Suppose that the spatial size distribution of droplets in some volumeV is fd(d), and
that the velocity distribution isfv(v). Here,d andv are respectively the diameter and the
velocity of a particle. Assume that a correlation between the size and the velocity of the
drops exist, which is given by a distribution functionfdv(d,v). The relation betweenfd
and fdv is

fd(d) =
∞∫

0

fdv(d,v)dv, (4.4)

and fv and fdv are related through

fv(v) =
∞∫

0

fdv(d′,v)dd′ . (4.5)

Let us consider the droplets that pass a unit area with a normal vector in the pos-
itive x-direction. Furthermore, assume that all droplets have a velocity in the positive
x-direction. The size distribution of drops that pass through the unit area is the temporal
size distributionφd(d), which is related to the spatial drop size distribution:

φd(d) =
∞∫

0

fdv(d,v)vdv= fd(d) · v̄(d) , (4.6)

wherev̄ is the average velocity of drops with diameterd:

v̄(d) =

∞∫
0

fdv(d,v)vdv

∞∫
0

fdv(d,v)dv
. (4.7)

A temporal size distribution (φd) may thus be transformed into a spatial size distribution
( fd) by dividing the number of drops in each size class by the average velocity of the
drops in that size class. The difference betweenfd(d) andφd(d) is illustrated in Fig. 4.5,
where an ensemble of droplets with their velocity vectors is shown in a unit volume. In
this example, it is assumed that a positive correlation exists between the droplet size and
the velocity,i.e. large drops have greater velocities than small drops. As a direct result,
the temporal mean particle size will belarger than the spatial mean particle size, as the
small particles at the back of the unit volume do not cross the unit area in timeT, whereas
the large particles do. The influence of the correlation between particle size and velocity
on φd is referred to as thevelocity bias(Albrechtet al., 2003).
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unit volume unit area

FIGURE 4.5 — Ensemble of droplets in a unit volume with a positive correlation
between velocity and size. Indicated are the drops that pass through the unit area
in a timeT. The mean size of the drops in the unit volume issmaller than the
mean size of the drops that move through the unit area, because of the positive
correlation of velocity and size of the droplets.

Examples of techniques that determine a spatial size distribution are high-speed pho-
tography and laser diffraction spectroscopy. Techniques that determine a temporal size
distribution are techniques that are capable of measuring the size of individual droplets,
such as phase doppler particle analyzers (PDPA).

For applications such as combustion processes, one would like to know the spatial
size distribution. For spray painting and for cleaning (biofilm removal) the temporal size
distribution is of more interest, since the number of droplets that pass a unit area are
relevant in these processes. In the experimental techniques section, we will introduce
techniques that measure either temporal or spatial drop size distributions.
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FIGURE 4.6 — Experimental set-up used for flash photography.

4.4 Experimental techniques

In this work, flash photography, laser Doppler anemometry, phase Doppler anemometry
and laser diffraction have been used to characterize sprays. These are all optical tech-
niques, which have in common that they are non-intrusive, so that they will not influence
the flow. For a detailed overview on experimental techniques, see Frohn and Roth (2000)
or Lefebvre (1989). In the next section, the fundamentals of the used techniques are
explained.

4.4.1 FLASH PHOTOGRAPHY

In flash photography, a standard CCD camera is used in combination with a flash lamp,
making it possible to capture images of a spray with a very short exposure time. Droplets
appear dark on a light background, and images can automatically be analyzed, to obtain
the size of the droplets. The experimental set-up is shown in Fig. 4.6.

A flash lamp (Fisher nanolite No. 151, High-speed Photo-Systeme, Germany) con-
sists of a capacitor and two electrodes. At a voltage of 4-6 kV, a discharge occurs between
the two electrodes. The duration of the spark is 18 ns. The light is focused with a lens
(f=80 mm) and captured, via a standard microscope objective (5×, N.A. 0.12 or 20×
N.A. 0.40, Leica, Germany) on a CCD camera (CV-M10 BX, JAI, Denmark). The shutter
of the camera is opened for approximately 140µs, but the actual exposure time of the
droplets is 18 ns, as the ambient light does not have any significant influence.

The advantage of photography is that it allows direct observation of the droplets in the
spray. A drawback of this method is that, due to the limited depth of field, only droplets
in a plane produce sharp images, which can be analyzed correctly. Although the image
processing is automated for a great part, it remains time consuming.

4.4.2 LASER DOPPLER ANEMOMETRY(LDA)

The general set-up of a LDA-system is schematically shown in Fig. 4.7. The system
consists of two laser beams and one detector. The laser beams cross each other at an
angleθ. The measurement volume is defined by the intersection of the two laser beams.
If the two laser beams are represented as an electromagnetic wave with an amplitudeE0

and a polarization perpendicular to thex−z plane in which the beams symmetrically lie,
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FIGURE 4.7 — Schematic overview of the laser doppler anemometry technique.
The velocityvp of a particle that crosses the intersection of two laser beams
(the measurement volume) is linearly related to the Doppler frequency that is
measured at the detector.

then it can be shown that the intensity of the light in the measurement volume equals
(Albrechtet al., 2003)

I = εcE2
0

[
1+cos

(
2π

2sinθ
2

λ
x

)]
, (4.8)

whereε is the electric permittivity,c is the speed of light,θ is the angle between the two
laser beams andλ is the wavelength of the laser light. The intensity pattern can be seen
as a pattern of dark and bright fringes, as is depicted in Fig. 4.7, with a spacing∆x equal
to

∆x =
λ

2sinθ
2

. (4.9)

When a small particle with a diameterdp, smaller than the wavelength of the laser light
(dp � λ) crosses the measurement volume, it effectively samples the intensity, which is
constant over its diameter. It scatters light as it crosses a bright fringe, and it scatters
no light as it passes a dark fringe. It scatters the light evenly in all directions since the
scattering function is independent of scattering angle for very small particles (Albrecht
et al., 2003). The resulting signal at the detector is modulated with a frequencyfD which
is proportional to the velocity of the particle:

fD =
vp,x

∆x
, (4.10)

wherevp,x is the velocity of the particle in thex-direction and∆x is the fringe spacing. The
velocity of the particle in thex-direction is thus linearly related to the Doppler frequency
fD. The principle of laser Doppler anemometry can also be explained with the Doppler
effect (seee.g.Albrechtet al. (2003).

Large particles

For large particles, (d� λ), the explanation above fails, as the phase and amplitude cannot
be assumed constant over the particle surface. Effectively, the large particle images certain



56 Characterization of sprays| Chapter 4

incident point
(refraction)

glare point
(refraction) glare point

(refraction)

incident point = glare point
(reflection)

FIGURE 4.8 — A laser beam that illuminates a particle under an angle with
respect to the observer will be projected in glare points on the surface of the
particle. Here, only the reflected beam and the first order refracted beams are
shown.

parts of the incident waves onto the detector, as is illustrated in terms of geometrical optics
in Fig. 4.8. Due to reflection and refraction of the light at the particle surface, the laser
beam is only visible in so called glare points. Let us consider the first order refracted light.
The light from the two laser beams is imaged on two different glare points on the particle
surface. When a particles crosses the measurement volume, still the Doppler frequency
fD is measured, as a result of the interference (optical mixing) of the light from the glare
pointsat the position of the detector:

fD ∼
2sinθ

2

λ
vp,x . (4.11)

Laser Doppler Anemometry is a very precise technique, and accuracies of 0.1% can
be reached for sample sizes of 10,000. A drawback of the technique is that the measure-
ment is local. One needs to scan through the whole spray cone to characterize one nozzle,
which is time consuming. An automated traverse system makes this less elaborate, but
still, the alignment of the lasers and the traverse system must be done with great precision.

In the present study, a Dantec Flowlite LDA system was used, which uses the backscat-
tered light for velocity determination. The system comprises a 10 mW He-Ne laser
(λ = 632.8 nm), a lens (f = 400.2 mm), and a BSA processor (burst spectrum analyzer)
which is connected to a standard personal computer. The two laser beams cross at an
angle ofθ = 5.49◦.

4.4.3 PHASE DOPPLER ANEMOMETRY(PDA)

The phase Doppler particle analyzer (PDPA) measures the velocity and the size of a
droplet simultaneously. The system comprises a laser Doppler anemometer and a phase
Doppler anemometer. The velocity determination is obtained in the same way as in a
LDA-system. The size determination is done by using at least two, but in general three
detectors, which are positioned at an angleβ with the two laser beams and at an angleγ
with the symmetry plane of the laser beams, as is schematically shown in Fig. 4.9. The
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FIGURE 4.9 — Set-up for a phase Doppler particle analyzer. Shown are the two
detectors with respect to the two laser beams.

size determination is based on the phase shift between the signals that are measured at the
two detectors. At each detector, two glare points will be visible, one from beam 1 and
one from beam 2. The positions of the glare points on the particle surface depend on the
viewing angle. As the phase of the light across the droplet surface is not constant, the
phase of the light at each glare point is different. Both detectors measure the interference
signal of the two glare points. Optical mixing of the two detector signals result in a net
phase shift. It can be shown that the phase shift is linearly related to the droplet diameter:

∆φ(N) = F(N)
φ dp , (4.12)

whereN is the scattering order (N = 1: reflection,N = 2: first order refraction,N = 3:
second order refraction), andFφ is a constant that depends on the geometry of the PDPA
system,i.e. on the anglesα andβ, on the index of refraction of the droplet and on the
wavelength of the laser. For more information on the phase Doppler technique, the reader
is referred to Albrechtet al. (2003).

Phase Doppler anemometry is a temporal size measurement technique, in which drop
sizes are measured locally, so, similar as with LDA, one needs to scan through the spray
cone to characterize one nozzle, which is time consuming.

Although two detectors are enough to measure the size of a particle, three detectors
are used in PDA for sphericity validation. The phase difference between two detector
pairs is measured, which gives two values for the size of the droplet. If these sizes, within
some tolerance, do not match, the measurement is rejected. Still, the method is not very
sensitive to non-sphericity, because the detectors are positioned in one line, so that the
curvature along a single meridian line on which the glare points lie is measured.

We used a two-component PDPA system (TSI, Germany). It comprises a 2 W Ar-
gon Ion water-cooled laser (LA70-2), a fiberoptic transmitter (TM250, 70 mm diame-
ter), a fiberoptic receiver (RV2070, 72 mm diameter), a photo detector module (PDM)
(PDM1000-2P) and a burst spectrum analyzer (FSA3500-2P). Although it is capable of
determining two components of the velocity simultaneously, only the vertical component
was measured.



58 Characterization of sprays| Chapter 4

laser
beam

expander
spray

detector

collimatorlens

FIGURE 4.10 — Set-up for a laser diffraction system. The far field scattering
of an ensemble of droplets is measured by the intensity on a discrete set of
detectors.
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FIGURE 4.11 — Beams that are scattered at the same angle are projected in one
point if the detector is placed in the focal plane of the collimator lens.

4.4.4 LASER DIFFRACTION

Instead of measuring the size of a single droplet, as is done in PDPA systems, in laser
diffraction systems the droplet size distribution of an ensemble of droplets is measured.
The system consists of a laser, a beam-expander, a collector lens and a detector, see
Fig. 4.10. The detector consists of a discrete set of (square) photo detectors. The sys-
tem measures the far-field scattering of an ensemble of droplets. This is achieved by
placing the detector in the focal plane of the collimator lens. Light that is scattered at
the same angle will be projected at a single point on the detector. The scattering distri-
bution is therefore independent of the position of the drops in the measurement volume,
as is illustrated in Fig. 4.11. The undiffracted laser light will be projected at the center
of the detector. To minimize interference with the diffraction measurement, this light is
transmitted through a pinhole.

The diffraction pattern depends on the size of the particles. Small particles scatter
light at larger angles than large particles. From the light intensity distribution on the
detector, it is possible to reconstruct the size distribution of the spray, seee.g.Hirleman
(1987). It is often mentioned that for particles larger than the wavelength of the laser light,
the Fraunhofer diffraction theory can be used to obtain the size distribution of the spray.
This is only correct for small scattering angles. For large particles and large scattering
angles, the generalized Lorenz-Mie theory must be used.
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The laser diffraction technique is very fast, as it measures the drop size distribution
of the whole spray at once. The drawback of this technique is that a local size distribution
in a spray cannot be obtained.

Laser diffraction techniques measure a spatial drop size distribution. If we want to
convert it to a temporal size distribution, not only the velocity distribution of the droplets
in the spray must be known, but also the correlation between droplet size and droplet
velocity. Only if the velocity distribution of the spray is very narrow, we can obtain a
temporal size distribution as it almost equals the spatial distribution in that case.

If the spray is too dense, it is likely that the laser beam scatters on more than one
droplet before it reaches the photodetector. Chances of multiple scattering are higher if
theobscurationis higher. The obscuration is the fraction of light that is attenuated due to
scattering, and it is obtained from the ratio of the intensity of the light that goes through
the pinhole and the intensity of the laser source. If the obscuration is higher than 50%
problems due to multiple scattering become significant (Wild and Swithenbank, 1986).

Vignetting occurs if scattered light does not reach the detector, as a result of not being
captured by the lens. This occurs when the distance between the spray and the lens is too
large, and small particles are more sensitive to it than large particles. Small particles
scatter a greater fraction of the light under larger angles.

Another limitation is that droplets and particles are assumed to be spherical. Droplets
in a spray are in general not spherical, and in that case, it is unclear what exactly is
measured.

In the present study, a Mastersizer S (Malvern, United Kingdom) was used, with a
2 mW He-Ne laser (λ = 633 nm), which was linearly polarized. It was used with a lens
with a focal length of 300 mm, for which the diameter measurement range is 0.5µm–
900µm. The expanded laser beam has a diameter of 18 mm.

4.5 Experimental set-up for a droplet generator

Plain orifice nozzles, such as illustrated in Fig. 4.1, produce an axisymmetric liquid jet.
At low velocities, the jet breaks up in droplets as a result of the sensitivity of the jet
surface to perturbations in the environment. This is the Rayleigh breakup regime. At
higher velocities, the jet breakup is promoted by the shear force between the liquid and
the gas. This is the so called first-wind induced regime. Further increase of the jet velocity
leads to the second-wind induced regime, in which the role of the dynamic pressure of
the surrounding gas becomes more important. Finally, in the atomization regime breakup
occurs right at the nozzle exit. Our experimental set-up mainly operates in the Rayleigh
regime for which

Weg < 0.4 or Weg < 1.2+3.41Oh0.9
l , (4.13)

holds. The first criterion is suggested by Ranz (1956), and the second criterion is based
on numerical results of Sterling and Sleicher (1975) (Lin and Reitz, 1998). Here, Oh
is the Ohnesorge number, defined as Oh= We0.5

l /Re,Wel = ρlU2(2a)/σ and Weg =
ρgU2(2a)/σ. Further,ρl and ρg are the density of the liquid and gas, respectively,U
is the velocity of the jet relative to the surrounding gas,a is the radius of the nozzle and
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FIGURE 4.12 — Schematic view of the disintegration of a liquid jet, which is
produced by forcing a liquid through an orifice.

σ is the surface tension. Re is the Reynolds number, which is defined as Re= U(2a)/ν,
whereν is the kinematic viscosity.

Already in 1878, Lord Rayleigh showed that a liquid column is unstable to axisym-
metrical disturbances for which the wavelengthλ ≥ 2πa. The situation is schematically
depicted in Fig. 4.12.

The instability grows exponentially at a rate which depends on the wavelength of the
perturbation. It can be shown (see Middleman (1995)) that the fastest growing disturbance
has an (optimum) wavelength

λopt = 9.1a. (4.14)

The instability grows until the amplitude is half the jet radius. Then, the liquid column is
necked in and a droplet is formed with a volume that equalsV = λopt ·πa2. The radius of
the formed droplet becomes

Rd =
(

3
4

λopta
2
) 1

3

= 1.89a. (4.15)

A jet thus disintegrates in droplets that are approximately twice the size of the nozzle
diameter. Such jets are referred hereafter aspencil jets.

It can be shown that the distance from the nozzle exit at which droplets are formed,
the so called breakup length, is equal to

L = 2.08CWe
1
2
g a, (4.16)

whereC is a constant, dependent on the magnitude of the perturbations (Middleman,
1995). For low-speed jets in the Rayleigh breakup regime, experiments yieldC ≈ 12
(Grant and Middleman, 1966).

Experimentally, circular jets were produced with the set-up that is shown in Fig. 4.13.
A 1 liter reservoir (304L-HDf4-1000, Swagelok, USA), filled partly with demineralized
filtered water, is pressurized with nitrogen from a cylinder. Nitrogen is first filtered
through a filter with a pore size of 0.003µm (Wafergard II F Micro, Swagelok). The
demineralized water is filtered through a glass filter with a pore size of 3-15µm (Schott,
Germany). The water goes to the nozzle through a 0.5µm filter (F Series, Swagelok) and
a liquid mass flow meter (Liqui-Flow meter L2, Bronckhorst Hi-Tec, the Netherlands)
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FIGURE 4.13 — Experimental set-up to generate mono-disperse droplets.
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FIGURE 4.14 — Part of the handpiece that holds the nozzle plug, the O-ring and
the aperture, which is glued in the nozzle holder.

that measures flow rates between 4 and 200 grams/hour. A 0.8 mm diameter tube, 1.2 m
in length connects to a handpiece, which holds the nozzle (see Fig. 4.14).

The nozzles are platinum microscope apertures (Agar scientific, United Kingdom),
which are glued in nozzle holders. The nozzles have diameters of 10µm (A0301P),
25 µm (A0303P), 50µm (A0306P) and 100µm (A0309P). The nozzle geometry of the
platinum apertures is shown in Fig. 4.15. Table 4.1 gives the characteristic properties of
the nozzles, and the conditions in which they were used.

The nozzle and the holder are assembled in a handpiece with an O-ring and a nozzle
plug. Drawings of the nozzle, the nozzle holder, the nozzle plug and the handpiece can
be found in appendix C. The system is attached to vacuum for the purpose of filling.
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FIGURE 4.15 — Nozzle dimensions.l0 is the length of the nozzle,d0 is the
diameter, andα is the angle of the inlet.

TABLE 4.1 — Properties of the platinum nozzles. The nozzle diameter isd0 =
(2a), the length of the inlet isl0, α is the angle of the inlet, and Remin and
Remax are the minimum and maximum Reynolds number at which the nozzles
were used.

d0 (µm) l0 (µm) l0
d0

(-) α (◦) Remin (-) Remax (-)

10 85 8.5 28 300 840
25 80 3.2 49 750 2100
50 80 1.6 53 1500 4200
100 60 0.6 53 3000 8400

The reservoir is slowly filled by placing the tube with the glass filter in a volume of
demineralized water, and connecting the reservoir to vacuum. When the reservoir is filled
for approximately three quarters, the valves are closed, and the reservoir is connected to
pressurized nitrogen. A rough measurement of the pressure is obtained on the reduction
valve (Hoekloos, 200/200 bar). Another pressure meter (P/N 63-2213, Praxair) enables
us to adjust the pressure with a precision of 0.2 bar. The system was operated at pressures
between 5 and 45 bar. The liquid flow meter was used to detect partial blocking of the
nozzles.

4.5.1 VELOCITY OF DROPLETS

By applying Bernoulli’s equation (seee.g.Kundu (1990)) to the set-up, we obtain the
velocityU of the jet as a function of the pressurep1 in the reservoir:

U =

√
2(p1− p0)

ρ
. (4.17)

with p0 the ambient pressure andρ the density of the liquid (water). Due to friction in the
connecting hose, the pressure behind the nozzle is lower than the pressure in the reservoir.
It was checked that the pressure loss in the connecting hose can be neglected for all nozzle
sizes at all pressures.
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FIGURE 4.16 — Principle of avena contracta, with A0 the nozzle area,Aexp the
real cross section of the jet.U0 is the velocity at the nozzle exit;Uexp is the jet
velocity at thevena contracta.

Nozzle losses

Further losses occur farther downstream in the nozzle. As a result of this, the exit velocity
of the water jet, Eq. (4.17), becomes

Uexp = Cv

√
2(p1− p0)

ρ
, (4.18)

with Cv the coefficient of velocity. To calculate the discharge through the orifice, we
multiply the area of the jet by the velocity. The actual area of the jet (see Fig. 4.16) is the
area of thevena contracta, which is smaller than the area of the orifice with a factorCc,
which is the contraction coefficient (Roberson and Crowe, 1975):

Aexp = CcA0 . (4.19)

The actual discharge through the orifice is

Q = UexpAexp, (4.20)

= CvCcA0

√
2(p1− p0)

ρ
, (4.21)

= CdA0

√
2(p1− p0)

ρ
, (4.22)

whereCd is the discharge coefficient. The main factors that influence the discharge coef-
ficient are the Reynolds number, the length-diameter ratio of the nozzle (l0/d0), and the
angle of inlet (Lefebvre, 1989). Experimental data have indicated thatCD increases with
l0/d0, reaching a maximum at around 2, after whichCD decreases again due to frictional
losses in the nozzle. It has been shown that the discharge coefficient increases consid-
erably for inlet angles between 20◦ and 60◦, with a maximum at around 50◦ (Lefebvre,
1989).
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FIGURE 4.17 — Velocity of droplets beyond the breakup point as a function of
the pressure in the reservoir. The solid line represents the velocity according to
Bernoulli’s equation. Nozzle diameters are 100µm (2), 50µm (O), 25µm (◦)
and 10µm (M).

Results of LDA measurements

With the Dantec LDA system (section 4.4.2), droplet velocities were determined, just
beyond the breakup length of the jet. Fig. 4.17 shows the results for four nozzles, as a
function of the pressure in the reservoir, and the velocity according to Bernoulli’s equa-
tion. It can be concluded thatCv is close to unity (approximately 0.95), and approximately
constant, for all nozzles withd0≥ 25µm. For the 10µm diameter nozzle, it can easily be
shown thatCv increases linearly with the velocity to reach a constant value of 0.74.

It was checked that, for the larger three nozzles (100, 50 and 25µm), the velocity of
the droplets remained practically constant within three centimeters beyond the breakup
length. No significant deceleration is observed because droplets move in each others
wake. For the 10µm diameter nozzle, the velocity as a function of the distance to the
nozzle is depicted in Fig. 4.18, for three values of the pressurep1 in the reservoir. The
deceleration is moderate, but cannot be neglected.

Breakup length

Figure 4.19 shows experimentally determined breakup lengths for four nozzles. According
to Eq. (4.16), the breakup length is linearly proportional to the velocity. The constantC
is obtained from a linear fit. For the 100µm and 50µm diameter nozzle,C was found
to be 11 and 15 respectively. These values correspond reasonably with the results from
Grant and Middleman (1966), who found a value forC of 12. For the 25µm and 10µm
diameter nozzle no reasonable linear fit is justified.

The breakup length will be used in chapter 6, where biofilm removal with pencil jets
is discussed. It is important that the distance between the nozzle and the biofilm is greater
than the breakup length to ensure that individual droplets are formed.
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FIGURE 4.18 — Velocity of droplets as a function of the distance to the 10µm
diameter nozzle forp1 = 41 bar (2), 31 bar (◦) and 20 bar (O).
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FIGURE 4.19 — Breakup length as a function of jet velocity for four nozzle
sizes. (a) 100µm (�) and 50µm (�), (b) 25µm (◦) and 10µm (•).
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FIGURE 4.20 — Image of a 50µm diameter pencil jet, operating at a pressure
of 20 bar. The image is taken just beyond the breakup point. Notice the satellite
droplets between two big droplets.

4.6 Droplet size distributions determined for a pencil jet

4.6.1 FLASH PHOTOGRAPHY

The droplet size distributions of pencil jets, as produced with the set-up described in 4.5
were determined with the different experimental methods. The results obtained with flash
photography (described in section 4.4.1) is discussed first. For all nozzles, the effect of the
pressure/velocity on droplet size was determined as well. The procedure was as follows.
The pressure was set at the desired value. The distance between the nozzle and the line of
sight of the camera was adjusted, so that the observation plane was beyond the breakup
length and it was visually checked that droplets were already formed. An example of an
image of droplets from a 50µm diameter nozzle is shown in Fig. 4.20. At each setting,
100 images were taken at a frequency of about 1 Hz.

Image processing

The size of droplets was obtained from the digital images by a routine written in MAT-
LAB (version 7, the MathWorks, USA). Droplets which were cut off on the picture were
not taken into account. A typical result of the algorithm on an image is shown in Fig. 4.21.
The next step was to determine the size of the droplets. An equivalent droplet diameter
was determined based on the volume of the droplet. Most droplets are ellipsoids, either
prolate (cigar-shaped) or oblate (pancake-shaped). The volume thus depends on the ori-
entation of the minor axis and major axis. The volume was calculated from the minor axis
lengthra and the major axis lengthrb (see Fig. 4.22) according to

V =
4
3

πrar2
b if |θ| ≤ 45◦ , (4.23)

V =
4
3

πr2
arb if |θ|> 45◦ , (4.24)
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FIGURE 4.21 — Result of MATLAB routine on droplet images. Image of a
50µm pencil jet, operating at 10 bar. The bright line that crosses the droplets is
a scattering effect.

rb

ra

rbra
θ

θ

OBLATE PROLATE

FIGURE 4.22 — Illustration of an oblate and prolate spheroid. Indicated are
the minor axis lengthra, the major axis lengthrb and the orientationθ of the
droplet.

whereθ is the angle between the major axis and the horizontal. If the angle is smaller
than 45◦, the ellipsoid is oblate, otherwise it is prolate. The equivalent droplet diameter,
Dequi, is the diameter of a sphere that has the same volume as the ellipsoid:

Dequi =
(

6V
π

) 1
3

. (4.25)

Fig. 4.23(a) shows a histogram ofDequi for a 50µm diameter nozzle, operated at 10 bar
pressure. The size distribution is quite narrow, with a mode of 94µm. Some satellite
droplets are present near 40µm, and larger droplets occur in the range 90-130µm. The
mean length diameter,D10, equals 101µm, andD30 equals 103µm. In Fig. 4.23(b) an
example of a droplet size distribution from a 100µm nozzle at 30 bar is shown.

The size distribution of droplets for four nozzles was determined at different pres-
sures, as is shown in table 4.2. The corresponding histograms can be found in appendix D.
For all nozzle diameters, the mode of the droplet distribution is between 1.6d0 and 2.2d0.
There is no significant correlation between the droplet size and the pressure, although
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FIGURE 4.23 — (a) Droplet size histogram of a 50µm diameter nozzle, operated
at 10 bar.D10 = 101µm, D30 = 103µm and the mode of the distribution equals
94 µm. (b) Droplet size distribution of a 100µm diameter nozzle at 30 bar.
D10 = 167µm and the mode equals 164µm.

TABLE 4.2 — Modes of the droplet size distribution inµm as a function of
pressure,p, and nozzle diameter,d0. The mean of the mode belonging to all
pressures and the corresponding standard deviation is given inµm.

p (105 Pa)→
5 10 15 20 25 30 35 mode (µm) mode

d0
(-)

d0 (µm) ↓
10 23 21 21 19 19 19 17 20± 2 2.0± 0.1
25 50 49 49 51 52 53 51 51± 1 2.0± 0.1
50 94 94 92 113 112 111 111 97± 14 1.9± 0.3
100 181 166 166 163 164 164 168 168± 6 1.7± 0.1

there is a sudden increase in the mode for the 50µm nozzle for pressures higher than
20 bar. Satellite droplets were found for the 100µm diameter nozzle with an equivalent
diameter of around 40µm. For the 50µm diameter nozzle, the satellite droplets were
also 40µm in diameter, while for the 25µm nozzle, satellite droplets were found around
18µm. The 10µm diameter nozzle did not have satellite droplets. In this case, a minority
of larger droplets with a diameter between 20µm and 35µm were found.

It was shown that byreversingthe 50µm nozzle (atp = 35 bar) the mode of the
drop size distribution decreased from 111µm to 80µm. Due to the sharp transition of
the orifice, we have avena contractawhich has a smaller diameter than the nozzle. As
a direct result, the droplets are smaller. We conclude that for small nozzle diameters,
i.e. 10 µm, 25 µm and 50µm the equivalent droplet size of droplets from a pencil jet
correspond reasonable well to Rayleigh’s theory for whichDequi= 1.9d0. For the 100µm
nozzle, droplets are smaller:Dequi = 1.7d0. This is probably a result of avena contracta
(a small contraction coefficient), as the length/diameter ratio is only 0.6 for this nozzle.
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4.6.2 COMPARISON BETWEEN LASER DIFFRACTION AND PHASEDOPPLER

ANEMOMETRY

The size of droplets from a 72µm diameter nozzle were measured with a Malvern Mas-
tersizer S, and with a TSI Phase Doppler Particle Analyzer. The used aperture was 72µm
in diameter due to use at high pressures in a previous experiment. Originally, the aperture
diameter was 50µm (Agar Scientific, A0306P). A different pump was used to pressurize
the liquid for these series of experiments. We used a triple piston pump (BBB-4-2, Eldex,
USA) with a maximum pressure of 345 bar (5,000 psi).

Fig. 4.24 shows the droplet size distribution of the pencil jet, operated at a pressure
of 10 bar, as determined with the Mastersizer. The result is a volume based distribu-
tion (Fig. 4.24(a)) , which can be converted to a number based distribution as is done in
Fig. 4.24(b). This is achieved by taking into account that the volumeVi that is occupied
by droplets with diameterDi consists ofni droplets:

ni =
Vi

1
6πD3

i

. (4.26)

Although Fig. 4.24(a) shows a relative volume, instead of the absolute volume, the con-
version does not change the shape of the number distribution,fd(d); it only affects the
amplitude of the distribution. Note that the error that is made by converting a volume
size distribution in a number size distribution is tripled, due to the third power inDi . The
accuracy of the Malvern Mastersizer S on a standardized reticle‡ is 3% according to ISO
13320-1 (1999), so that the number distribution is accurate within at least 9%.

Measurements with the Mastersizer were done at pressures of 3, 10 and 16 bar, and
the mode of the number distributions correspond to 88µm, 77µm and 83µm. In terms of
the nozzle diameter, the average mean diameter equalsD10 = (1.14±0.07) ·d0, which is
not in agreement with Rayleigh’s theory (Eq.(4.15)). Besides, the droplet size distribution
is much broader than is expected from the flash photographs. The FWHM equals 90µm
whereas previously a FWHM of approximately 2µm was found.

The results obtained with PDA are shown in Fig. 4.25, where the droplet size distri-
butions fdv(d,v) and fd(d) are given. Here,fd is the true spatial droplet size distribution,
where we have corrected for the droplet velocities. The mode of the distribution is 140µm,
D10 = 119µm andD30 = 129µm. In terms of nozzle diameter the mode equals 1.94d0,
which is in agreement with the theory of Rayleigh. The FWHM of the distribution is
25µm.

We have shown with flash photography that the (spatial) droplet size distribution of
pencil jets have a mode that equalsDmode= (1.9±0.3) ·d0. Results obtained with the
phase Doppler particle analyzer are in good agreement. The mode as determined with
the Mastersizer is much smaller (1.1 ·d0) and the width of the distribution is much larger
compared to either flash photography or PDPA.

The principle of the Mastersizer is based on a reconstruction of the droplet size dis-
tribution from the light intensity pattern on the detectors due to diffraction fromspherical
particles. Non-spherical particles have deviating diffraction patterns, and this will af-
fect the droplet size distribution in an unknown manner. Hovenac (1991) numerically

‡A reticle is an opaque disk with a known distribution of speckles.
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FIGURE 4.24 — Droplet size distributions of a pencil jet (72µm nozzle diame-
ter) operated at 10 bar, (a) droplet volume distribution and (b)fd(d), as obtained
with the Mastersizer.D10 = 84 µm, D30 = 96 µm and the mode of the number
distribution (b) equals 77µm.
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FIGURE 4.25 — Droplet size distributions of a pencil jet (72µm nozzle diame-
ter), (a) fdv(d,v) and (b) fd(d), as obtained with PDPA.

calculated the diffraction pattern of non-spherical particles, and found substantial differ-
ences with diffraction patterns from spherical particles in the near-forward region. Water
droplets from pencil jets are mostly non-spherical, which leads us to the conclusion that
laser diffraction is not a suitable technique for characterizing such jets. Phase Doppler
anemometry is less sensitive to non-spherical droplets, as the droplet size is determined
from the signals of two detector pairs simultaneously. If the droplet sizes do not match,
within a (user-defined) tolerance, the measurement is rejected.
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4.7 Characterization of a swirl spray with PDPA

The sprays from two identical swirl nozzles (A and B) were characterized with PDPA.
The drawings of the nozzles can be found in appendix C. The PDPA system was set up
as is described in section 4.4.3 and the nozzle was mounted on a traverse system, which
made it possible to make a scan through the spray. The nozzle was operated at a pressure
of 44 bar with a flow rate of 40 ml/min.

Droplet velocity and droplet size distributions were obtained at 28 positions in a cross
section of the spray, perpendicular to the nozzle plate. Then, the nozzle was rotated 90
degrees, and a new scan was made to check the symmetry. A typical result for swirl A is
shown in Fig. 4.26. The distributionsfdv, fd and fv are given at one position in the spray.
The droplet size distribution,fd, is relatively narrow in general, whereas the velocity
distribution, fv, is quite broad.

An overview of the complete scan is shown in Fig. 4.27 where the mean velocity
is given as a function of the position in the spray. The length of the arrows represents
the magnitude of the mean droplet velocity. The mean velocity that corresponds to the
measurement shown in Fig. 4.26 is indicated by a bold, italic number. The maximum
velocity is found near the edge of the spray. This is not strange, as the swirling liquid
leaves the nozzle at an angle.

In a similar way, the mean droplet size,D10, is represented as circles in Fig. 4.28.
The size of the circles represents the magnitude of the mean diameter of the spatial size
distribution. The largest droplets are found near the edge of the spray cone, and smaller
droplets are in the center.

Comparable results were found for the average size and velocity of the droplets when
the nozzle was rotated ninety degrees, see Appendix E. Results for swirl B can also be
found in Appendix E. Swirl B shows somewhat larger droplet velocities, due to a smaller
orifice diameter (� 114µm compared to� 120µm).

At last, the water volume flux in the axial direction was recorded as a function of
position in the spray. The volume flux is defined as the summation of all droplet volumes
(π/6)D3

i that cross an areaA per time interval∆t

φ = ∑
i

Vi

A∆t
. (4.27)

The measurement volume equalsV = Al. Here,l is the length of the measurement volume
which can be written as the product of the transit timeti and the droplet velocityui , or
l = ui ti . The flux can be rewritten as

φ = ∑
i

π
6D3

i tiui

V ∆t
. (4.28)

For a reliable determination of the volume flux, it is necessary that the validation rate
is close to 100%. It was checked that the validation rate of our measurements was 90%
or higher in all cases. Results for swirl A are shown in Fig. 4.29. The volume flux is
highest near the edge of the spray and smallest in the center, but the flux distribution is
not symmetrical. Results for swirl B can be found in Appendix E.
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FIGURE 4.26 — Droplet size and velocity distributions of a swirl spray at 6 mm
from the nozzle exit, 0.5 mm off-center. (a)fdv(d,v), (b) fd(d) and (c) fv(v),
as obtained with PDPA.



4.7 | Characterization of a swirl spray with PDPA 73

−5 0 5
0

2

4

6

8

10

12

42 36 41 52

44 35 31 30 37 45 39

37 29 26 26 31 38 38

34 30 25 23 31 36 31

x (mm)

y 
(m

m
)

U
avg
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5

BIOFILM REMOVAL WITH SPRAYS

The work presented in this chapter was done in close collaboration with Dr. B. Gottenbos, Philips
Research Laboratories, Eindhoven.

5.1 Introduction

The work presented in this chapter aims at understanding the removal process of plaque
by means of water sprays. A representative model for dental plaque was developed, in the
form of aStreptococcus mutansbiofilm. The mechanical properties of the biofilm were
presented in chapter 3.

Biofilms were exposed to sprays from nozzles A and B at two settings of the liquid
flow rate, 30 ml/min and 60 ml/min. The distance between the spray and the biofilm
remained constant at 6 mm. It was shown in chapter 4 that the velocity of swirl nozzle A
at 6 mm from the nozzle exit ranged from 30 m/s in the center to 44 m/s near the edge of
the spray cone. Nozzle B showed higher velocities, from 37 m/s in the center to 51 m/s
near the edge of the spray, mostly because of a smaller nozzle diameter (114µm instead
of 120µm).

Velocity measurements of the swirl sprays were obtained at a volume flow rate of
40 ml/min (see section 4.7). It was experimentally demonstrated in a previous study
(unpublished) that the mean velocity of a swirl spray is linearly related with the flow
rate through the nozzle, which gives an indication for the velocities to be expected at
30 ml/min and at 60 ml/min.

5.2 Materials and methods

Biofilm growth protocol

Biofilm was grown on sandblasted glass slides (No. 2958, Erie Scientific, USA), follow-
ing the three-day growth protocol as is described in section 3.2.2. The growth medium
and bacteria were now added to a Petri dish (�125×25 mm, Corning, USA) in which the
glass slides were placed. The rest of the protocol remained unchanged.
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On day three, the biofilms were harvested. They were placed in a Petri dish with
demineralized water that was refreshed three times to wash away growth medium.

Biofilm exposure

The end of the nozzle holder was positioned at a distance of 3 mm from the biofilm surface
(see Fig. 5.1). The distance between the nozzle exit and biofilm was 6 mm. The exposure
time of the biofilm to the spray was controlled with a shutter. The opening time was
verified with a high-speed camera at 1000 frames per second. The shutter was completely
open for 9 ms, and it took 2 ms to travel through the spray up and down, so that the
total treatment time was 11 ms. The glass plate with biofilm was mounted vertically on a
holder, which could be moved in two directions perpendicular to the spray. The biofilms
were placed in demineralized water between experiments with different settings to prevent
drying out. Each biofilm was treated at multiple settings. One half was exposed to a spray

� �
� �
� �
� �
� �
� �
� �
� �

� �
� �
� �
� �
� �
� �
� �
� �

biofilm
glass plate

shutter

spray

nozzle holder

3mm 3mm

FIGURE 5.1 — Experimental set-up for biofilm removal studies with swirl
sprays. The biofilm is exposed to the spray for 11 ms by using a shutter.

operated at 60 ml/min, the other half to a spray operated at 30 ml/min. The biofilm was
exposed one, two or three times to the spray at one position. In total, approximately ten
positions on the biofilm were exposed.

Quantifying the removal of biofilm

The biofilms were scanned after treatment on a HP scanjet 8200 flatbed scanner at 2400
dpi resolution with a black cloth in the background. The scanned images were ana-
lyzed with Image Pro Plus (version 4.5, Media Cybernetics, USA). An area of interest
(AOI) was chosen around the treated area and the number of pixels (N1) of this AOI was
recorded. The average grey value (G1) of the AOI was determined. Subsequently the
mean grey value of the non treated area near the treated spot was determined (G2). The
total removed ‘pixel volume’ equalsN1 · (G2−G1), which can be converted to a ‘pixel
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area’Ap with zero grey value.

Ap =
N1 · (G2−G1)

G2
. (5.1)

Indeed it was checked that clean glass corresponds to a grey value of zero. The pixel area
is linearly related to the real removed biofilm area. Furthermore, it was experimentally
shown that the grey value is linearly related to the biofilm thickness to a good approxima-
tion.

5.3 Results

Qualitatively

Typical results of treated biofilms are shown in Fig. 5.2. Both swirl A and swirl B show

Swirl A
60 ml/min

30 ml/min

2x 2x1x 1x

1 cm

1x2x

60 ml/min

30 ml/min1 cm

1x 1x2x2x1x2x3x

Swirl B

FIGURE 5.2 — Scanned images of biofilms after one, two or three 11 ms treat-
ments with a swirl nozzle at 30 ml/min and 60 ml/min. Top: swirl nozzle A;
bottom: swirl nozzle B.

typical, non-symmetrical removal patterns at 60 ml/min. For swirl A, this pattern is cir-
cular with seven spots where the removal is the greatest. Swirl B also shows a circular
pattern, but here, almost no removal is seen in the upper right corner of the spray pattern.
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We will call this typical shape thefootprint of the spray. The footprint depends on the
target material as well as on the spray. A firm material will not have a footprint when
nothing is removed by the spray. The relation between the patternation (spatial distribu-
tion of water) and the footprint remains unclear at this stage.

Some treatment spots in Fig. 5.2, which are highlighted, were enhanced with MatLab
to clarify the footprint. The images were inverted and subsequently, the intensities were
adjusted so that the lowest and the highest intensity correspond to a grey value of 0 and
255 respectively. The result is shown in Fig. 5.3.

FIGURE 5.3 — Enhanced images of four treated areas as indicated in Fig. 5.2. A
single treatment time was 11 ms. From left to right: swirl A - 30 ml/min single
treatment, swirl A - 60ml/min double treatment, swirl B - 30 ml/min double
treatment, swirl B - 60 ml/min triple treatment.

For swirl A at 30 ml/min, the footprint is ring shaped at all treatment times. The
average diameter of the cleaned area is 4.1 mm. At this velocity and treatment time, no
removal to the glass was found. At 60 ml/min the footprint is circular, ring shaped. After
two 11 ms treatments ‘hot spots’ are observed where removal is better than elsewhere on
the ring, and in two cases, removal to the glass is reached. The average diameter of the
ring is 4.6 mm but removed area stretches out to a diameter of 8.5 mm.

Swirl B shows a ring shaped footprint at 30 ml/min with an average diameter of
4.2 mm. The footprint at 60 ml/min has the shape of a horseshoe. The average diameter
of the cleaned annulus is 4.1 mm, but removal is seen up to a diameter of 7.5 mm.

Quantitatively

Fig. 5.4 shows the efficacy of both swirl sprays A and B obtained from the areas that were
treated once (11 ms). The efficacy is defined here as the removed area per volume of
liquid. Both nozzles are more effective at 60 ml/min than at 30 ml/min. Unexpectedly,
swirl B is approximately three times more effective than swirl A at both settings.

The sites that were treated twice (i.e. 22 ms) were analyzed. If removal of biofilm
is merely determined by the summation of the effect of individual droplet impacts, we
expect that by doubling the treatment time, the removed volume of biofilm would double.
In Fig. 5.5 the removed biofilm area after one and after two treatments of 11 ms are
plotted. Swirl A shows roughly a doubling in removed area at both settings, although the
error bars are quite large. For swirl B the second treatment is less efficient at both settings
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FIGURE 5.4 — Effectivity of two swirl nozzles operated at 30 ml/min and at
60 ml/min expressed in mm2/ml (removed area per milliliter of water used).
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FIGURE 5.5 — Removed biofilm area as a function of treatment time for two
different nozzles at two settings. Swirl A, 30 ml/min (�); swirl A, 60 ml/min
(◦); swirl B, 30 ml/min (�); swirl B, 60 ml/min (•).

than the first treatment. The reason for this is different for both cases. At 60 ml/min, the
first treatment already removes the biofilm to the glass. During the second treatment, a
fraction of the droplets impact on already cleaned glass, and do not contribute to cleaning.
The efficiency of the spray is thus lower. At 30 ml/min the second treatment does not
remove any biofilm at all. It was observed that biofilm consists of a firm bottom layer and
a softer top layer. At 30 ml/min, the velocity of the droplets is apparently high enough to
remove the top layer, but it is too low to remove the lower harder layer of the biofilm.
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5.4 Discussion

The greater efficiency of 60 ml/min compared to 30 ml/min for both nozzles is expected,
because the mean velocity of the droplets is higher at 60 ml/min. Unexpected is the large
difference between swirl A and swirl B at equivalent settings. Swirl B has somewhat
larger droplet velocities by a factor of about 1.2 but this is only a small difference. It was
observed with a high-speed video camera that the liquid that leaves the nozzle does not
break-up in droplets completely. Large filaments are formed, which have the same veloc-
ity as the droplets. These filaments are not measured by the phase Doppler anemometer
if their diameter exceeds 214µm. Possibly, this could explain the observed difference.

The characteristic shape of the removal pattern is annular for both swirl sprays. Be-
sides, we have identifiedhot spotson the ring, where more efficacious biofilm removal
was achieved. The spray characterization as presented in chapter 4, showed that near the
edge of the spray not only the droplet velocity is maximum, but also the mean size of the
droplets and the volume flux are maximum. The droplet size distribution is symmetric,
but the droplet velocity and volume flux distributions are asymmetric. The asymmetri-
cal footprint with the hot spots indicate that either droplet velocity or volume flux are
important parameters for efficient cleaning.

The question that remains to be answered is how biofilm removal efficacy is related
to the droplet velocity, the droplet size and to the volume flux. Therefore, biofilm removal
studies with monodisperse droplets with known size and velocity were performed to make
a correlation between droplet parameters and cleaning efficiency. This work is presented
in the next chapter.
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THE PHYSICS OF BIOFILM REMOVAL PARTI:
LABORATORY EXPERIMENTS

6.1 Introduction

The removal of biofilms with a spray, or an ensemble of water droplets is an erosion
process, due to the combined effect of many droplet impingements. Examples of similar
erosion processes are sandblasting, abrasive water jet cutting, water jet cleaning and soil
erosion due to rain. In literature, erosion has been studied quite extensively, though most
work is of empirical nature (seee.g.Finnie, 1995; Momber and Kovacevic, 1998; Ruff
and Wiederhorn, 1979). The efficacy of erosion processes is mostly expressed as the
mass loss of a substrate as a function of time. The higher the mass loss rate, the better
the efficacy of the erosion process. Surfaces can be eroded by either solid particles (sand,
metals) or liquids (water droplets, water jets).

The impact of high-speed water droplets with velocities above 150 m/s can cause
serious damage to solids (Dear and Field, 1987; Lesser, 1981). Rain erosion damage to
forward facing components on aircraft, the erosion of steam turbine blades and cavitation
erosion are all examples of damage due to high-speed collisions of water droplets with
solids. Camus (1971) and Bowden and Field (1964) focused on the droplets during the
impact process. Some authors proposed damage mechanisms as a result of high-speed
droplet impact of brittle materials (Dear and Field, 1987; Field, 1999; Bourneet al., 1997;
Bourne, 2005). Numerical studies were done by Halleret al. (2002), Halleret al. (2003),
Adler (1995) and deBotton (1998). Brunton and Rochester (1979) reviewed work on
erosion of solid surfaces by the impact of liquid drops. All studies mentioned here were
done with relatively large sized drops with diameters between 0.5 and 10 mm having
velocities between 100 and 750 m/s.

Low speed droplet impact (< 20 m/s) is relevant in the field of ink-jet printing, spray
painting and agriculture (pesticide distribution). Many studies focus on the spreading and
splashing of droplets, see for example Pasandideh-Fradet al. (1995) or van Dam and Le
Clerc (2004).

Surprisingly, the field between high-speed and low-speed droplet impact (i.e.between
20 m/s and 150 m/s) did not receive much attention in the past. To our knowledge, only
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Toivakka (2003) performed a numerical study on droplet impact in this range, with ve-
locities up to 50 m/s. The present chapter deals with the erosion of soft materials with
medium velocity droplets. The goal of this experimental work is to examine the process
of biofilm removal with droplets in a systematic way, by studying the effect of droplet
size and droplet velocity. In chapter 7 we will discuss results of numerical simulations,
which were done to obtain qualitative and quantitative information about the stresses and
pressures involved in the impact of water droplets on either dry of wetted surfaces.

6.2 Materials and methods

6.2.1 EXPERIMENTAL SET-UP

To visualize the process of erosion of biofilm with droplets, a set-up was built with a high
speed camera and a microscope as is shown in Fig. 6.1. Biofilm was grown on a Petri dish
(�125× 25 mm, Corning, USA) according to the three day growth protocol described
in section 3.2.2. The Petri dish was placed in a custom made holder on the stage of a
microscope (Leica DM LM, Leica, Germany). The sample was illuminated from below
with a 100 W mercury lamp (HBO 100 W/2, Leica, Germany). The biofilm was subjected
to droplets from a pencil jet, which were made with the set-up as shown in Fig. 4.13. The
impact site on the biofilm was imaged through a long distance objective (5×, N.A. 0.25,
Leica) through the microscope on the CCD of a high speed camera (Ultima APX, Photron,
United Kingdom). The images were stored on a standard PC. The whole microscope was
rotated 90◦ to prevent that a water film built up which could possibly interfere with the
measurement. For this purpose, an aluminum frame was built to hold the microscope.
The set-up is shown in Fig. 6.1.

Experimental procedure

The pressure in the reservoir was set to the desired value, and the pencil jet was aimed at
the biofilm at an angleα with the biofilm. It was possible to adjust the angle of impact
from 10◦ to 60◦. Perpendicular impact is by definition 90◦. The high-speed camera was
operated at a shutter time of 4µs and a frame rate of 10,000 frames per second.

The valve to the nozzle was opened and the droplets from the jet were initially blocked
manually with a metal plate. When an undamaged piece of the biofilm was positioned
under the microscope objective, the metal plate was removed and a stream of droplets
made impact with the biofilm. The first 150 frames (≡ 15 ms) of the impact process were
stored as .avi format (uncompressed) on a standard PC.

6.2.2 IMAGE PROCESSING

Images were processed with Image Pro Plus (version 4.5, Media Cybernetics, USA). The
size of the cleaned area was taken as a measure for the erosion rate. A grey-value threshold
was used to distinguish between biofilm and cleaned polystyrene. The threshold was
chosen manually. As the illumination was kept constant during a series of measurements,
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FIGURE 6.1 — Schematic (top) and photograph (bottom) of the experimental
set-up.

it allowed a proper comparison between different settings∗. At each time step, the number
of pixels above this threshold (cleaned polystyrene is light, biofilm is dark) is summed
and recorded. An example of the followed procedure is shown in Fig. 6.2, where the
cleaned areaA1, normalized with the nozzle areaA0, is shown in time. As the pencil jet
produces a stream of droplets, the nozzle area is a convenient normalization factor, also
because the nozzle area is proportional to the droplet’s cross-sectional area. Four images
corresponding to points in the graph are shown for clarity. Droplets had an average size
of 111µm (mode) and a velocity of 72 m/s.

There is quite some scatter observed in the cleaned area. This is not strange, as
droplets in front of the hole are dark in general, and effectively diminish the measured

∗Setting the threshold intensity five intensity units above or below the chosen threshold value
introduces an error of 5%-8%, dependent on the size of the cleaned area. The intensity range is
from 0 to 255.
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FIGURE 6.2 — Result of the algorithm that is used to determine the size of
the cleaned area. Shown is the cleaned areaA1, normalized with the nozzle
areaA0 as a function of time. Biofilm is dark; cleaned polystyrene is light.
The scatter in the cleaned area is the result of droplets being in between the
hole and the objective (as indicated with the arrow in the upper right picture).
Experimental parameters: nozzle diameter is 50µm, droplet sized0 = 111µm,
droplet velocityU0 = 72 m/s.

cleaned area. An example of a droplet being in front of the cleaned area is indicated by
the arrow in the upper right picture of Fig 6.2. These images were filtered out with an
algorithm written in MATLAB (version 7, the MathWorks, USA), by making use of the
fact that the cleaned area cannot become smaller. The final result is shown in Fig. 6.3.
Almost immediately after the first droplets impact, a hole appears in the biofilm. The
growth rate is linear in time at first, but soon levels out. In a later stage the rate of cleaning
goes to zero meaning that a maximum size of the cleaned area has been reached.

6.2.3 BIOFILM VARIABILITY

In chapter 3 we have determined the tangent elasticity modulus of biofilm at seven po-
sitions on a single biofilm sample, and we found no large variations. To test the repro-
ducibility of the cleaning process with droplets, six positions at the biofilm were subjected
to droplets from a pencil jet with a nozzle diameter of 50µm operated at 15 bar pressure.
Droplets have a mode ofd0≈ 92µm and the droplet velocity isU0≈ 52 m/s. The angle of
impact is 60◦. The result is shown in Fig. 6.4. The observed variation of the erosion pro-
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FIGURE 6.4 — Cleaned area (nor-
malized) as function of time at six
different positions on the biofilm.
Nozzle diameter is 50µm, mode of
the droplet size is 92µm, droplet
velocity is 52 m/s, angle of impact
is 60◦.

cess is not due to the variation of droplet size or velocity, as this is the same for all curves.
The variation, approximately 25%, is due to natural variations of the biofilm across its
surface. The reproducibility of the erosion process of biofilm is good enough to allow us
to investigate the effect of the droplet parameters, such as size and velocity.

6.3 Results

6.3.1 A THRESHOLD VELOCITY FOR CLEANING

A critical velocity is needed to remove the biofilm. The top layer of the biofilm was very
soft and it was visually observed that it is removed at velocities as low as 15 m/s. The
bottom layer is much more rigid and threshold velocities for removal are typically 30 m/s.
We defined the cleaning threshold velocity (CTV) as the velocity at which no removal
of the biofilm to the polystyrene was possible after a prolonged exposure to the pencil
jet, which was typically ten seconds or more. The cleaning threshold velocity is shown
as a function of droplet sized0 in Fig. 6.5. The cleaning threshold velocity decreases

for increasing droplet size. It was found that the CTV follows ad
− 1

4
0 proportionality

reasonably well.
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The cleaning threshold velocity was defined in analogy with thedamage threshold
velocity (DTV), first introduced by Sewardet al. (1994), and later used by Coadet al.
(1997) and Kennedy and Field (2000) for studies of brittle materials. The damage thresh-
old velocity was defined as the velocity threshold at which damage is first observed. They

found that their damage threshold velocity scaled withd
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FIGURE 6.5 — Cleaning threshold
velocity (CTV) as a function of the
droplet diameterd0.

6.3.2 HOW DOES THE DROPLET VELOCITY AFFECT THE CLEANING RATE?

Experiments were done in which the nozzle diameter and the angle of impact remained
constant, and the velocity of the droplets was changed. Fig 6.6 shows the results for a
50 µm diameter pencil jet. The angle of impact is 60◦. The droplet size depends on the
velocity (see chapter 4) but is around 100µm (mode). The cleaned area as function of the
number of droplet impacts is shown for different velocities, ranging from 42 to 79 m/s.
The number of droplets is related to the treatment time by taking into account that the
frequencyf of the droplet stream is related to the volume flow rate through the nozzleQ,
and thus related to the velocity of the dropletsU0 as

f =
Q

1
6πd3

0

=
6a2U0

d3
0

∼ U0

d0
, (6.1)

wherea is the radius of the nozzle. The frequency of the droplets goes linear with the
droplet velocity. Typical frequencies for our set-up are 50 - 1000 kHz. The number of
droplet impacts is simply the frequency multiplied with the treatment time∆t(s). At each
setting of the velocity, four to six sites on the biofilm were treated. The growth curves are
then averaged and the standard deviation is calculated.

As we are above the threshold velocity, almost immediately a hole in the biofilm
is formed. Between 50 and 100 droplet impacts are needed to clean the biofilm to the
polystyrene. The curve corresponding to the lowest impact velocity (42 m/s) shows that
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FIGURE 6.6 — Cleaned areaA1 normalized with the nozzle areaA0 as a func-
tion of the number of droplet impactsN for different impact velocities, indicated
by the legend. Nozzle diameter equals 50µm. Mode of the droplet size depends
on the velocity, but is approximately 100µm; angle of impact is 60◦. Error bars
indicate one standard deviation over 4-6 experiments.

approximately 250 droplets are needed for removal until the polystyrene. The cleaning
rate is higher for higher impact velocities. For the highest impact velocity, the cleaned
area after 15 ms (≈ 3000 impacts) is 160 times the nozzle area. The diameter of the
cleaned spot is then approximately twelve times the nozzle diameter, and approximately
six times the droplet diameter.

In Fig. 6.7 we have plotted the cleaned area scaled with thecubedimpact velocity.
Most curves coincide, except the curve belonging to an impact velocity of 42 m/s. Results
for the 10µm, 25µm and 100µm diameter nozzle are depicted in appendix F. The results
for all nozzles show a good correspondence between the cleaned area and the impact
velocity cubed. This means that, for a constant nozzle diameter, by doubling the impact
velocity, the cleaned area as a function of the number of impacts becomes eight times
larger.

6.3.3 HOW DOES THE DROPLET SIZE AFFECT THE CLEANING RATE?

For biofilm removal, is it more efficient to break up a volume of liquid into many small
droplets, or into few larger droplets? Fig. 6.8(a) shows the cleaned areaA1 in µm2 as
a function of the number of droplet impacts for droplets of different sized nozzles at an
impact velocity of 61 m/s. In Fig. 6.8(b) the cleaned area is normalized with the droplet’s
cross-sectional area,(1/4)πd2

0. The growth rate of all nozzle sizes scales roughly withd2
0.

For the 10µm diameter nozzle the starting point of the growth phase is delayed. As the
droplet volume scales withd3

0, the cleaned area per liquid volume scales approximately
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FIGURE 6.7 — Normalized cleaned area scaled withU3
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number of droplet impactsN for different impact velocities, indicated by the
legend. Mode of the droplet size depends on the velocity, but is approximately
10µm; angle of impact is 60◦.

with 1/d0. Thus, once a hole is formed in the biofilm, smaller droplets clean at a higher
rate than larger droplets with respect to the used volume.

6.3.4 PENETRATION OF THE BIOFILM LAYER

It takes some time for the droplets to penetrate the biofilm layer until the polystyrene
surface. A hole in the biofilm is visible within 0.5−1 ms, which is after 5 or 10 frames
of the high-speed recordings. In this section, we try to find a relationship between droplet
size, droplet velocity and the number of droplets that are needed to remove the biofilm to
the polystyrene. Because of the very small time scales involved, we must stress that the
resolution of these measurements is rather poor. Therefore, we will only make qualitative
comparisons here.

At each setting ofd0 andU0, different sites on the biofilm were treated. We measured
the time until a hole was visible, and multiplied this with the frequency of the droplets
from the pencil jet, according to Eq. (6.1). The critical number of droplets,Ncrit, needed
to penetrate the biofilm layer was thus obtained. The average and the standard deviation
were calculated, and the results are shown in Fig. 6.9(a-b). Fig. 6.9(a) showsNcrit as a
function of the velocity for different droplet sizes; Fig. 6.9(b) showsNcrit as a function of
the droplet size at a constant velocity.

For velocities near the threshold velocity,Ncrit is large compared with values at higher
velocities. The general trend is thatNcrit decreases for larger impact velocities for all
droplet diameters (Fig. 6.9(a)). A similar trend, but now as a function of the droplet size,
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FIGURE 6.8 — (a) Cleaned areaA1 in squared micrometers as a function of
the number of droplet impactsN for different nozzle sizes, indicated by the
legend. Corresponding droplet sizes are 163, 92, 51 and 19µm; droplet velocity
is constant,U0 = 61 m/s; angle of impact is 60◦. (b) Similar, but now the cleaned
area is scaled with the droplet’s cross-sectional area,(1/4)πd2

0.

is observed in Fig. 6.9(b). The critical number of droplet impacts needed to penetrate
the biofilm gradually decreases with increasing droplet size. Note that a different rela-
tionship betweenNcrit and the droplet size (at a fixed value of the velocity) is observed,
but since the experiments were performed on multiple biofilms (with varying mechanical
properties) a comparison is not justified.

How much liquid do we need to clean a certain area, just by penetrating through
the biofilm layer? This of course depends on the droplet size. Assume that the size of
the initial hole is proportional to the cross-sectional area∼ d2

0. The volume needed to
penetrate through the biofilm layer is proportional toNcrit d3

0. To clean a specific areaA,
we need a number of spots proportional toA/d2

0. This required a total liquid volume of
the order ofANcrit d0. In Fig. 6.10, the parameterNcrit d0 is plotted as a function of the
droplet size. The error bars are rather large, but an an optimum appears to be lying at
d0 = 50 µm. Summarizing: to clean a given areaA by penetration only, droplets with a
diameter of 50µm require the smallest volume.
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FIGURE 6.9 — Critical number of impactsNcrit necessary to penetrate the
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FIGURE 6.11 — (a) Threshold velocity for cleaning as a function of angle of
impact. Droplet diameter is 50µm (mode). (b) If the perpendicular component
of the velocity determines the threshold velocity, the product of the threshold
velcocity CTV and sin(α) should be constant, which is not the case here.

6.3.5 EFFECT OF IMPACT ANGLE ON CLEANING EFFICACY

The next step was to determine the effect of the angle of impact on the cleaning efficacy.
In the first experiment, the cleaning threshold velocity for different impact angles was
measured, see Fig. 6.11(a). The CTV increases for smaller impact angles. Removal
of biofilm cannot be described by only considering the perpendicular component of the
impact velocity (CTVsinα), as is shown in Fig. 6.11(b).

The cleaned area as a function of the number of droplet impacts for different angles of
impact is shown in Fig. 6.12(a). The growth rate of the cleaned area increases with larger
angles of impact. Studies on the dependence of erosion on impact angle have indicated
that the erosion scales with sinn α, wheren is in the range 3-6 (Handet al., 1991). From
Fig. 6.12(b) we see that the cleaning rate scales approximately with sin3 α in the range
39< α < 57. The typical shape of the cleaned area changes considerably with angle of
impact. In Fig. 6.13 the cleaned area after 15 ms is shown for the different angles of
impact. Perpendicular impact (90◦, not shown) results in a circular removal pattern, as
the flow pattern is axisymmetric. If we decrease the angle of impact, the flow of liquid
over the surface becomes asymmetric, and less biofilm is removed at the sides and behind
the point of impact (with respect to the direction of motion). For very small angles this
results in the formation of a ‘channel’.

6.3.6 COMPARISON BETWEEN DROPLETS AND A CONTINUOUS WATER JET

It is interesting to show the differences in cleaning between a continuous water jet and
droplets. Continuous jet impact was made possible simply by decreasing the distance
between the biofilm and the nozzle below the break-up length. This was also checked
visually by recordings with the high-speed camera. One result for a nozzle diameter of
25 µm is shown in Fig. 6.14. The jet diameter is 25µm, the diameter of the droplets is
110µm. Jet and droplet velocity equal 74 m/s. The cleaning rate of the droplets is approx-
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FIGURE 6.12 — (a) Cleaned area as a function of the number of droplet impacts
for different impact angles. (b) Normalized with sin3 α. Nozzle diameter equals
25µm, d0 = 50µm (mode),U0 = 60 m/s.
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FIGURE 6.13 — Cleaned area after 15 ms treatment for different impact angles.
Droplets impinge from left to right. Images have been processed for clarity (the
image is adjusted so that the full intensity range is used). Used parameters:
droplet size 50µm (mode) and droplet velocity 60 m/s.

imately twice that of the continuous jet. For other velocities, we saw comparable results,
with the cleaning rate of the droplets being higher than that of the jet with a factor of
1.6−3.4. We saw no difference in thecleaning threshold velocitybetween jet impact and
droplet impact. Also, no significant difference was found in the time needed to penetrate
through the biofilm,i.e. the time needed to remove the biofilm until the polystyrene.
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6.4 Conclusions

The removal of biofilms with monodisperse droplets from a pencil jet was studied in
the laboratory. An experimental set-up was built, and a methodology was developed to
characterize the efficacy of biofilm removal by droplets. It was found that the cleaning
rate scales with the velocity of the droplets cubed and approximately with the diameter of
the droplets squared. The latter observation indicates that the removal efficacy is higher
for smaller droplets with respect to their volume, once a hole in the biofilm is established.

The number of droplets needed to penetrate a biofilm layer depends on the droplet
size. Large droplets are more efficacious than small droplets, but weighted with the
droplet volume, no significant difference is found between the droplet sizes.

Furthermore, it was seen that the cleaning efficacy depends on the angle of impact as
sin3 α for angles between 39◦ and 57◦. It was determined that the cleaning rate of droplets
is higher than that of a continuous jet by a factor of 1.6−3.4.
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THE PHYSICS OF BIOFILM REMOVAL PARTII:
NUMERICAL SIMULATIONS

7.1 Introduction

There are several motivations for performing numerical simulations on droplet impact.
First, it may give us quantitative information of parameters that cannot be measured by
experimental means. The short time-scales and small length-scales at which droplet im-
pact takes place make it difficult to measure fluid velocities and pressures locally.

Second, numerical simulations can be used to verify the validity of scaling laws for
the parameters involved in the process. By altering the droplet velocity and the droplet
diameter in the numerical simulations, we might be able to obtain ‘empirical’ laws for the
pressures and shear stresses involved in the droplet impact process.

Third, by comparing the numerical results with the corresponding laboratory experi-
ments, we can possibly understand which physical mechanisms play a role in the removal
mechanism of biofilms by impacting water droplets.

Finally, droplets in a spray always encounter the remains of their predecessors when
they impact the surface. It is important to understand how this thin residual layer influ-
ences the pressures and the shear forces on the target surface.

A commercial CFD (Computational Fluid Dynamics) package (STAR-CD, version
3.15 and 3.24, Adapco Group, London, UK), was used to model the impact of water
droplets. Droplet impact on a solid surface and droplet impact on a thin film of water was
modelled. Simulations were performed with droplet radii ranging from 10µm to 100µm
and with droplet velocities ranging from 30 m/s to 100 m/s.

7.2 Numerical Method

Mesh

The problem of an impacting spherical droplet was considered to be axisymmetric. STAR-
CD is a three-dimensional package, so a wedge shaped computational domain was used
with an angle of 3◦, consisting of hexahedral cells (six sides) and a layer of prismatic
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FIGURE 7.1 — Mesh of the numerical domain. The mesh is refined at the
position of the droplet and near the wall. Cells are hexahedral, but prismatic at
the symmetry axis.

cells (five sides) at the central axis of symmetry. The domain measured 24×24 cell radii.
We used a fixed grid, with mesh refinement in the regions that needed more detail, such
as near the droplet and near the wall boundary. At the position of the droplet, the mesh
consisted of 62 cells per radius (cpr). Near the wall we refined the mesh to 124 cpr. The
mesh of the domain is shown in Fig. 7.1.

Free Surface

Star-CD copes with the free surface by means of the volume of fluid method (VOF).
Per grid cell, in addition to quantities such as pressure and velocity, a scalar quantity is
introduced, which represents the fraction of the two fluids. If a cell is filled entirely with
liquid, the VOF-fraction is 1; if a cell is filled completely with gas, the VOF-fraction is 0.
For cells that are partly filled with liquid, the VOF scalar takes a value between 0 and 1,
in accordance with the liquid fraction. This implementation takes care of the free surface
becoming a smooth function, instead of a discontinuity. The VOF-fraction is transported
by means of the advection equation.

Governing Equations

The governing equations are the full 3-D Navier Stokes equations and conservation of
mass, where the continuity equation is written in terms of the VOF scalar. Viscosity
is included as is surface tension, although the latter is not absolutely necessary for our
problem. The Reynolds number, based on the droplet diameter, ranges between 600 and
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FIGURE 7.2 — Boundary condi-
tions of the numerical domain.

20,000, which indicates that inertia forces dominate viscous forces. However, near the
solid boundary, viscosity effects play a dominant role so viscosity must be taken into
account. The Weber number ranges from 0.24· 103 to 27· 103, indicating that surface
tension is always dominated by inertia indeed. Nevertheless, surface tension was taken
into account, merely to smoothen the initial discretized spherical shape of the droplet.

The temporal discretization is fully implicit (first order). For the spatial discretization
a MARS scheme (Monotone Advection and Reconstruction Scheme) is used, which is
of second order. The discretized equations are solved implicitly by STAR-CD’s PISO
algorithm.

Boundary conditions

The boundary conditions are illustrated in Fig. 7.2. The simulation is made axisymmetric
by two symmetry planes that cross each other at the symmetry axis. At a symmetry plane
the normal velocity and the normal gradients of all other variables are zero. The lower
boundary is a wall boundary at which a no-slip condition is applied. At the two remaining
boundaries the pressure is prescribed so that inflow and outflow may occur.

Initial conditions and user subroutines

The initial conditions of the droplet impact problem were implemented via a user subrou-
tine, in which the initial velocity field of the liquid was prescribed. STAR-CD corrects
this velocity field during the first time step un such a way that continuity is satisfied. The
diameter of the droplet is adjusted by a scaling factor. The advantage is that the mesh
remains unchanged for all simulations.

A user subroutine was written in Fortran 77 to gather data from cells near the wall,
such as pressure and velocity data. The shear stressτ was obtained from the velocityUr

at the center of the cell and the cell height∆h:

τ = µ
Ur
1
2∆h

. (7.1)
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Problems arise if the boundary layer is of the same order of magnitude as the cell height,
because of numerical diffusion. We will come back to this later.

7.3 Theoretical considerations with respect to a droplet impinging
on a solid surface

The compressible case

When a spherical droplet hits a solid surface, the liquid-solid interface spreads radially
outwards with a velocity greater than the speed of sound at first. As a result of this, a
shock wave travels into the drop and into the solid surface. The liquid behind the shock
wave is compressed and high pressures of the orderρCU0 result, whereρ is the density of
the liquid at ambient pressure,C is the shock velocity∗ andU0 is the impact velocity (see
Fig. 7.3). This is similar to the case where water flowing through a pipeline is suddenly
blocked by closing a valve. The liquid is instantly stopped and a shock wave travels
upstream. The liquid between the valve and the shock wave is compressed to the so
calledwater hammer pressureof ρCU0.

For the impinging droplet, the contact radiusrhp corresponding to the end of the high-
pressure stage is given by (Bowden and Field, 1964)

rhp =
r0U0

C
, (7.2)

wherer0 is the radius of the droplet. The end of the high-pressure stagethp is given by

thp =
3r0U0

2C2 . (7.3)

As the angle between the droplet and the solid, indicated byβ in Fig. 7.3, increases
in time, there is a point in time when the shock wave overtakes the expanding contact
line. The high pressure is released by a jetting motion to the side. In specific impact

∗The shock velocity can in the acoustic limit (for low impact velocities) be approximated by the
speed of sound.
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velocity ranges, it was observed that the velocity of this liquid jet can be up to 10 times
the impact velocity (Brunton and Rochester, 1979; Camus, 1971). Once incompressible
flow is established, the pressure will drop to the much lower stagnation pressure of1

2ρU2
0 .

Incompressible liquid droplet impact

As we are using an incompressible approximation for the numerical droplet impact prob-
lem, the pressure must go to infinity in the first stage of droplet impact. This can be
understood from the water hammer pressureρCU0. As the speed of sound is infinitely
large for incompressible materials, the pressure will jump to infinity at the moment of
impact, but only for an infinitely small duration. This singular behavior of the pressure is
physically not realistic.

For the simulations presented in this chapter, the radius of the high pressure area,
obtained with Eq. (7.2), is at most 0.7µm for r0 = 10 µm and 6.6µm for r0 = 100µm.
Compared to the typical time scale of droplet impact, which isr0/U0, the duration of the
high pressure stage (Eq. (7.3)) is of the order 10−3r0/U0, making it plausible to neglect
compressibility effects here.

It can be assumed that the pressure, after initially showing singular behavior, scales
with ρU2

0 . The shear stresses to be expected for an impinging drop with radiusr0 and
impact velocityU0 scale with the instationary boundary layer thicknessδ according to

τ∼ µ
U0

δ
. (7.4)

The instationary boundary layer grows in time, according to (Kundu, 1990)

δ = 4
√

νt . (7.5)

Here,ν is the kinematic viscosity. The shear stress in time thus scales with

τ∼ µ
U0√

νt
. (7.6)

The typical time scale for a droplet impact is related to the velocity and the radius of the
droplet, and equalst = r0/U0. The magnitude of the shear stress must depend onr0 and
U0 as

τ∼ µ
U

3
2

0

ν
1
2 r

1
2
0

∼
µ

1
2 ρ

1
2U

3
2

0

r
1
2
0

, (7.7)

whereν = µ/ρ was used. So, scaling laws predict that the pressure and the shear stress
on the solid boundary fulfill

τr
1
2
0

µ
1
2 ρ

1
2U

3
2

0

= f1

(
r
r0

,
U0t
r0

)
, (7.8)

and
p

ρU2
0

= f2

(
r
r0

,
U0t
r0

)
, (7.9)

where f1 and f2 are (unknown) functions ofr andt.
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7.3.1 INTRODUCING NON-DIMENSIONAL QUANTITIES

We introduce non-dimensional quantities, for the purpose of comparison of the different
simulations. The radial coordinater, the velocityU , the pressurep, the shear stressτ and
the timet are made dimensionless according to

r∗ =
r
r0

, U∗ =
U
U0

, p∗ =
p

ρU2
0

, τ∗ =
τ(

ρµU3
0/r0

) 1
2

t∗ =
tU0

r0
, (7.10)

wherer0 andU0 are the radius and the initial velocity of the droplet, respectively, andµ is
the dynamic viscosity. The pressure is compared to inertia effects, while the shear stress
is compared to viscous effects (see section 7.3).

7.4 Results

7.4.1 TYPICAL RESULT

A typical result of an impacting droplet with a radius of 100µm and an initial velocity of
50 m/s is depicted in Fig. 7.4. Shown is the volume of fluid fraction (VOF) at different
times. The moment the droplet hits the wall, liquid starts spreading radially outwards.
Fig. 7.5 shows the velocity field in the domain. Based on the argumentation presented in
the previous section, the values for the pressure and the velocity just after impact must be
regarded as anomalous. Still, realistic values for the maximum radial velocity are high;
velocities of the order 4U0 at t = 1.5 µs are found.

Pressures in the liquid during droplet impact are indicated in Fig. 7.6(a). The maxi-
mum pressure during the whole droplet impact process occurs at the center of impact at
the moment the droplet impacts the solid surface. Then, the pressure maximum spreads
radially outwards. The pressure distribution at the wall corresponding to the times in
Fig. 7.6(a) is given in Fig. 7.6(b). Att = 1 µs, the droplet has not yet made contact with
the wall. What we see is the pressure increase in the gas layer underneath the droplet.
The pressure distribution along the wall is qualitatively in good agreement with the re-
sults of Halleret al. (2002), although they performed their numerical simulations with
compressibility effects. They modelled the impact of a water droplet with a diameter of
200 µm and a velocity of 500 m/s. Toivakka (2003) performed numerical simulations
on droplet impact on paper substrates with the numerical package Flow3D and he found
qualitatively similar results for the pressure. Various numerical and experimental studies
that are mentioned in Adler (1979) show a qualitative agreement with our results.

The maximum pressure along the wall as a function of time is shown in Fig. 7.7.
The pressure jumps from zero to a maximum upon droplet impact and then gradually
decreases to ambient pressure, finally. The shear stress distribution at the wall at times
t = 1.0, 1.5 and 2.0 µs is shown in Fig. 7.8. The shear stress is zero at the stagnation
point (r = 0) and increases to a maximum value near the contact line. The contact line is
indicated with the arrow. The shear stress is maximum just after the moment of droplet
impact and then gradually decreases.
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FIGURE 7.4 — Typical result of a
numerical simulation of a droplet
impacting a solid surface. Shown
is the volume of fluid (VOF) frac-
tion at t = 0.5, 1.0, 1.5 and
2.5 µs. Droplet impact takes
place at 1.03µs. Droplet veloc-
ity is 50 m/s and droplet radius
is 100 µm. Used time step was
10−8 s. Color image can be found
on page 169 (Fig. G.14).
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FIGURE 7.5 — Typical result of a
numerical simulation of a droplet
impacting a solid surface. Shown
is the velocity field att = 0.5, 1.0,
1.5 and 2.5µs. Droplet impact
takes place at 1.03µs. Droplet ve-
locity is 50 m/s and droplet radius
is 100 µm. Used time step was
10−8 s. Velocities are expressed in
m/s. Color image can be found on
page 170 (Fig. G.15).
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FIGURE 7.6 — (a) Pressures (in Pa) in the numerical domain at times 1.0, 1.5
and 2.0µs for a droplet with a radius of 100µm and with a velocity of 50 m/s.
Scale is approximately similar as in Fig. 7.4. (b) Pressure distribution along
the wall as a function of the radial coordinate. Used time step is 10−8 s. The
droplet makes impact att = 1.03 µs. Color images can be found on page 171
(Fig. G.16).
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FIGURE 7.8 — Shear stress dis-
tributions along the wall fort =
1,1.5 and 2.0 µs. Droplet radius
equals 100µm, and droplet veloc-
ity equals 50 m/s. Used time step
is 10−8 s. The arrows indicate the
position of the contact line.

In order to determine the numerical error we did study the influence of mesh size on
the shear stress distribution. It was found that the shear stress distribution at the wall did
depend on the used mesh size. The maximum value of the shear stress along the solid
boundary, as determined with Eq. (7.1), as a function of the height of the cells is depicted
in Fig. 7.9. It indicates that the numerical shear stress is linearly converging towards a
limiting value of 2.4 kPa. The relative error in shear stress at a mesh size of 128 cells
per radius (cpr) near the wall (indicated with the arrow) is approximately 30%, which is
acceptable since we are interested in order of magnitude estimates.

The time step that was used for this simulation was 10−8 s. In comparison with
simulations done with a time step of 2· 10−8 s minor differences were observed which
can be neglected. In general, all simulations were carried out with the same dimensionless
time step, which was∆t ≈ 4·10−3 · r0/U0.

7.4.2 EFFECT OF VELOCITY

Pressure distribution

The simulations that are presented in the remainder of this chapter were performed with
version 3.15 of STAR-CD, as version 3.24 could not perform simulations with time steps
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FIGURE 7.9 — The maximum
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during droplet impact is shown as
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FIGURE 7.10 — The dimension-
less pressure at the wall att∗ =
0.6 for a droplet with a radius of
100µm. The four curves represent
different impact velocitiesU0 (in
m/s).

smaller than 10−8 s.
Fig. 7.10 represents the dimensionless pressurep∗ as a function ofr∗ at t∗ = 0.6 for

different impact velocities. The dimensionless pressure distributions coincide very nicely
for different impact velocities, which is also observed for other dimensionless times (see
Fig. G.1 in appendix G). It means that the pressure distribution as a result of droplet
impact on a solid boundary indeed scales withρU2

0 .

Shear stress distribution

The dimensionless shear stress distribution aty= 0 for a 100µm radius droplet at different
impact velocities att∗ = 0.7 is shown in Fig. 7.11. The four curves show a similar be-
havior, but still, a functional relationship is visible,i.e. the higher the impact velocity, the
lower the dimensionless shear stress. For other droplet sizes, as can be seen in Fig. G.4 in
appendix G, the similarity between curves at different velocities is better, indicating that
the shear stress is proportional toU

3
2 .
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FIGURE 7.11 — Shear stress dis-
tribution at the wall att∗ = 0.7 for
a droplet with a radius of 100µm.
The four curves represent different
impact velocitiesU0 (in m/s).
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FIGURE 7.12 — Pressure distribu-
tion at the wall at various dimen-
sionless times for a droplet with a
velocity of 50 m/s. The four curves
represent different droplet radiir0
(in µm), as indicated by the legend.

7.4.3 EFFECT OF DROPLET SIZE

In these series of numerical simulations, the velocity was held constant, and the droplet
size was changed. The results are depicted in Fig. 7.12: the dimensionless pressure dis-
tribution remains constant for different droplet radii. By increasing the droplet size, the
dimension full pressure does not change, and only the area underneath the droplet that is
exposed to the pressure increases linearly withr0. Results for other velocities are given
in Fig. G.3 in appendix G.

The effect of the droplet size on theshear stressdistribution is shown in Fig. 7.13 for
a fixed impact velocityU0 = 50 m/s. The four curves for the dimensionless shear stress
coincide reasonably well. This means that the shear stress roughly depends on the droplet
size following a 1/

√
r0 relationship. The shear stress doubles for a droplet that is four

times smaller in size.
Although smaller droplets may exert higher shear stresses than bigger droplets, the

duration of the shear stress is much shorter, simply because of the smaller size of the
droplet. The total time integrated shear stress that a point at the wall experiences during
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100µm radius droplet with impact
velocity of 50 m/s.

droplet impact is

p̂(r) =
∞∫

t=0

τ(r, t)dt , (7.11)

where the quantity ˆp(r) is expressed in kg m−1 s−1, which is the transferred momentum
per surface area. This is also called theimpulseper unit surface.

An example of the radial distribution of ˆp(r) is shown in Fig. 7.14 for a 100µm radius
droplet with a velocity of 50 m/s. Here ˆp is integrated untilt = 12 µs, which is 6 times
the typical timescale of droplet impact. The maximum of ˆp is found atr = 1.5 · r0 with a
value of 0.27 Pa s (≡ 270/µ).

As the shear stress is proportional toU
3
2

0 r
− 1

2
0 , and the typical time scale of the problem

is given byr0U−1
0 , the time integrated shear stress per surface area scales withU

1
2

0 r
1
2
0 . The

time integrated shear stress integrated over the area thus scales withU
1
2

0 r
5
2
0 .



110 The physics of biofilm removal part II: Numerical simulations| Chapter 7

FIGURE 7.15 — VOF fractions of an impacting water droplet with radius
100µm and velocity 50 m/s on a 3µm thick water film at timest = 0.1,1.0,1.5
and 2.5 µs. Color images are found on page 172 (Fig. G.17).

7.4.4 IMPACT ON A THIN WATER FILM

Some preliminary simulations were performed on droplet impacts on thin water films.
This is relevant, as in reality droplets nearly always make impact on a thin water layer
which is left behind from previous droplet impacts. It is of interest to know the effect of
such a thin film on the stresses on the solid surface. An example of a droplet with a radius
of 100µm impacting on a 3µm thick water layer is shown in Fig. 7.15. Shown is the VOF
fraction. The droplet splashes in the water layer, resulting in a jet of water that erupts
from the contact line between the water and the droplet. The jet impinges on the water
layer at a later stage. The angle at which the jet erupts becomes larger as the water layers
thickness increases. In some cases, filaments break off at the top of the rim of the jet,
which in reality lead to the formation of drops. This is referred to as crown formation (see
e.g.Lin and Reitz (1998)). Table 7.1 shows an overview of the numerical experiments
that were done. The quantityh refers to the water film thickness. Figure 7.16 shows the
pressure and shear stress distributions on the solid surface fort∗ = 0.5, 0.6, 0.7 and 0.8.
In comparison with Fig. 7.6(b) and 7.8, we notice that the curves are more smoothened.

Fig. 7.17 shows the maximum pressure along the solid surface in time for various film
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TABLE 7.1 — Overview of numerical simulations of droplet impact on water
layers with heighth.

droplet radiusr0 (µm) impact velocityU0 (m/s) h
r0

100 50 0
100 50 0.015
100 50 0.03
100 50 0.05
100 50 0.1
100 50 0.2
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FIGURE 7.16 — Dimensionless pressure (a) and shear stress (b) fort∗ =
0.5, 0.6, 0.7 and 0.8. r0 = 100µm,U0 = 50 m/s andh/r0 = 0.03.

thicknesses, ranging fromh/r0 = 0 (dry surface) toh/r0 = 0.2. The pressure decreases
with increasing film thickness. The maximum pressure is observed in all cases just after
the initial contact of the droplet with the water layer.

Whereas the effect of the water film on the pressure is relatively moderate, the effect
of it on the shear stress is much more pronounced, as can be seen from Fig. 7.18. Shown
is the maximum shear stress along the solid boundary in time. A water film thickness as
small as 1.5µm (h/r0 = 0.015) reduces the maximum shear stress of a 100µm radius
droplet impinging with a velocity of 50 m/s already by a factor of 3. The presence of a
water film thus has an important influence on the shear stresses on the surface.

If we consider the time integrated shear stress, then the effect of the actual film thick-
ness is reduced to some extent. Fig. 7.19 shows the time integrated shear stress fort∗ = 1.5
for various film thicknesses as a function of the radial coordinate. The presence of a water
film diminishes the time integrated shear stress by a factor of approximately 2.4, but the
actual thickness of the film is of minor importance.
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during droplet impact as a function of the dimensionless time for different film
thicknesses. The legend indicates the ratio between water layer thickness and
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FIGURE 7.18 — The maximum dimensionless shear stress along the solid sur-
face during droplet impact as a function of the dimensionless time for different
water film thicknesses. The legend indicates the ratio between water layer thick-
ness and droplet radius. Droplet radius is 100µm and droplet velocity is 50 m/s.



7.4 | Results 113

0 0.5 1 1.5
0

50

100

150

r/r
0
 (−)

∫ τ
 d

t/µ
 (−

)

0
0.015
0.03
0.05
0.1
0.2

FIGURE 7.19 — Time integrated
shear stress as a function of ra-
dial position for different film lay-
ers fort∗ = 1.5. The legend indi-
cates the ratio between the water
layer thickness and droplet radius.

7.4.5 DROPLET IMPACT VERSUS JET IMPACT

Droplets from a pencil jet clean at a higher rate than a continuous jet once a hole in the
biofilm is established, but no significant difference was observed between either the time
needed to form a hole or the cleaning threshold velocity. In table 7.2 the maximum impact
pressure, the maximum shear stress and the transferred impulse is given for a droplet with
r0 = 100µm andU0 = 50 m/s. The transferred impulse for the droplet is obtained from
numerical simulations. The impulse per unit surface for the water jet is calculated from
the analytical expression for the shear stress, which was found from the velocity profile
of an impinging jet (Watson, 1964). The shear stress is integrated untilt∗ = 9.1, i.e. the
time between two impacting water droplets from a pencil jet. The maximum shear stress
and maximum impact pressure differ considerably, but the maximum value for ˆp along
the solid boundary is of the same order of magnitude. This can be expected, as the scaling
laws forτ andp valid for impinging droplets are valid for an impinging jet as well. In both

cases the impulse per surface area scales according to ˆp∼U
1
2

0 d
1
2
0 , and since the velocity

and the diameter are (almost) the same here, the same order of magnitude for ˆp is indeed
expected.
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TABLE 7.2 — Comparison between stresses from an impinging continuous
jet and an impinging droplet. Jet radius equals 50µm, droplet radius equals
100µm, jet and droplet velocity is 50 m/s.

max. impact pressure (Pa) max. shear stress (Pa) max. impulse per
unit surface (Pa s)

droplet (20±3) ·106 (4.5±1.0) ·105 (0.27±0.08)
jet 1.25·106 3.0·104 0.55

7.5 Conclusions

Numerical simulations of liquid droplets on solid surfaces were performed, for droplets
with radii between 10µm and 100µm and with velocities between 30 m/s and 100 m/s.
Scaling laws for the pressure and the shear stress were validated by the numerical simu-
lations. It was found that the pressure on the surface scales withρU2

0 and that the shear

stress on the surface scales with(ρµU3
0/r0)

1
2 (see table 7.3).

The time integrated shear stress is a measure for the transferred impulse per unit

surface, which scales withU
1
2

0 r
1
2
0 . The time integrated shear stress integrated over the

area scales withU
1
2

0 r
5
2
0 .

Furthermore, it was observed that the maximum shear stress is diminished if the solid
surface is covered by a water film. For a water droplet with a radius of 100µm and an
impact velocity of 50 m/s, a water film thickness of 1.5−20 µm reduces themaximum
shear stress by a factor of 3−13.
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TABLE 7.3 — Overview of scaling laws valid for droplet impact on a
solid surface.

quantity scaling

pressure p∼U2
0

shear stress τ∼U
3
2

0 r
− 1

2
0

time integrated shear stress ˆp∼U
1
2

0 r
1
2
0
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8

DISCUSSION AND DESIGN RECOMMENDATIONS

8.1 Discussion

In this chapter we discuss some new insights that are obtained from the combined results
from different chapters. In chapter 3 it was concluded thatS. mutansbiofilm is a two
phase material with bacterial cells and slime (extrapolysaccharide matrix (EPS)). Water
or viscous EPS solution is squeezed out of the network if the biofilm is compressed. In
chapter 6 is was observed that biofilm consists of two distinct layers: a very soft top layer,
which merely consists of slime and a much firmer bottom layer that consists of bacte-
rial cells embedded in slime. A combination of the observations leads us to a graphical
representation of theS. mutansbiofilm, as is shown in Fig. 8.1. The goal of the work pre-
sented in chapters 6 and 7 was to understand the process of biofilm removal by impinging
droplets and to obtain quantitative laws for biofilm erosion.

Impinging drops exert pressure forces and shear forces on the biofilm layer. In ductile
materials, surface pitting is observed underneath the droplet, once the compression forces
are higher than the compressive yield stress. Tensile failures are not seen (Dear and
Field, 1987). In brittle materials, the compressive strength is much higher, and damage is

100 mµ

mµ20

microcolony

polystyrene

slime

slime+bacteria

FIGURE 8.1 — Model of aS. mutansbiofilm, comprising a firm bottom layer
with slime and bacteria, and a much softer top layer consisting merely of slime.
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shear stress

shear stress

shear stress
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h

FIGURE 8.2 — In the removal process of biofilm with droplets, the two leading
mechanisms are shear stress and lateral pressure. Phase 1 is penetration of the
biofilm, phase 2 and 3 are growth of the cleaned area. Biofilm has thicknessh.

predominantly seen as circumferential cracking due to Rayleigh surface waves. The area
underneath the droplet remains undamaged (Sewardet al., 1994). The droplet impact
process takes place on such short times scales, that the biofilm deforms purely elastically
on the applied load. The radial pressure gradient caused by droplet impact exerts a radial
net pressure force on the biofilm, which can possibly damage the biofilm locally.

The flowing liquid exerts a shear stress on the biofilm surface. Numerical simulations
revealed that the shear stress maximum moves radially outwards near the moving contact
line, and that the shear stress is zero at the center of the droplet. The maximum shear
stress in time,i.e. during the complete droplet impact process, occurs aroundr ≈ 0.5r0.
The time integrated shear stress per unit surface is zero at the center and maximal at
approximately 1.5r0. It was noticed that at velocities slightly above the cleaning threshold
velocity, biofilm is removed first in an annulus around the impact point, and only then the
biofilm at the impact point is removed. This gives evidence that the removal mechanism
is related to the shear stress. Biofilm at the point of impact is finally removed due to
variations of the droplet impact position. Once a hole is formed in the biofilm, the liquid
spreads radially outwards and encounters a ‘wall’ of biofilm. The spreading water will
build up a pressure of the orderρU2

0 , and at the same time, the water flowing over the
biofilm rim exerts a shear stress. The mechanism of biofilm removal is schematically
shown in Fig. 8.2.
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The experiments presented in chapter 6 showed that three distinct phases can be iden-
tified in the removal process.

1. penetration of the biofilm,

2. linear growth of a hole,

3. growth of the hole with decreasing rate until maximum hole size is reached.

In Fig. 6.5 on page 88 the relation between the cleaning threshold velocity and the droplet
diameter is collected. If this threshold velocity would correspond to a certain fixed value

of the shear stress, one would expect CTV to scale withr
1
3
0 . This is not found in the

experiments that shows that CTV scales withr
− 1

4
0 . If the time integrated shear stress

would be constant for threshold conditions, CTV should scale withr−1
0 , which is a too

strong droplet size dependence.
Our hypothesis is that the penetration of biofilm is, to a reasonable approximation,

proportional to the time integrated shear stress (per unit surface). Since ˆp scales with

U
1
2

0 r
1
2
0 , the critical number of dropletsNcrit which is needed to penetrate a layer with

thicknessh should scale with the inverse of ˆp, or with (U0 r0)−
1
2 . To verify this hypothesis

Fig. 6.9 is shown again in Fig. 8.3, but nowNcrit is plotted as a function ofU0r0 on a
double logarithmic scale. For velocities well above the cleaning threshold velocityNcrit

scales with(U0r0)n, wheren ranges between 0 and−1. Optimization of the experimental
set-up is needed to obtain further proof. The impulse per surface area appears to be a
good quantity for describing the penetration phase, especially when compared to either
the shear stress, the pressure or the integrated pressure.

8.1.1 REGIME DIAGRAM FOR BIOFILM REMOVAL WITH MONODISPERSE DROPLET

STREAMS

A surface can be cleaned by penetration alone, or by penetration combined with growth.
A regime diagram will be constructed in which the efficacy of these two mechanisms is
a function of the droplet velocityU0 and the droplet radiusr0. Consider a surface with
areaA0 (Fig. 8.4). With one pencil jet, a sub-surfaceA1 can be cleaned. For both the
penetration phase and the growth phase,A1 scales with the area of the dropletr2

0 (see
sections 6.3.4 and 6.3.3). The total volumeV0 that is needed to clean the surfaceA0

is proportional to the number of sub-surfacesA1 and the volumeV1 needed to clean a
sub-surface:

V0 ∼
A0

r2
0

V1 . (8.1)

Penetration

For the penetration of a biofilm layer with thicknessh, it is assumed that each droplet
removes a thin layer of biofilm with thickness∆h. It is assumed that∆h scales with the
impulse per unit surface ˆp. The number of droplets needed to remove the layer until the
substrate equals

np =
h

∆h
∼U

− 1
2

0 r
− 1

2
0 , (8.2)
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FIGURE 8.3 — Critical number of impactsNcrit necessary to penetrate the
biofilm to the polystyrene as a function ofU0 r0. (a) Each curve represents
results for one nozzle diameter, indicated by the legend (inµm), for different
velocities. (b)Ncrit as a function of droplet size for one velocityU0 = 61 m/s.
For comparison reasons, straight lines showing a(U0 r0)−0.5 or (U0 r0)−1 rela-
tionship are indicated. Note that a double logarithmic scale is used.

where the subscriptp indicates penetration. The volumeVp1 needed to cleanA1 scales
with npr3

0 so that

Vp1 ∼U
− 1

2
0 r

5
2
0 . (8.3)

The total volumeVp0 that is needed to cleanA0 becomes with Eq. (8.1)

Vp0 ∼ A0U
− 1

2
0 r

1
2
0 . (8.4)
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A1

A0

FIGURE 8.4 — The area to be
cleanedA0 is divided in A0/A1
sub-areasA1.

In addition,np droplets exit a single pencil jet in a timetp = np/ f , where f is the droplet
frequency. It was found previously that the frequency scales withU0/r0, so that the time
needed to penetrate the layer scales with

tp ∼U
− 3

2
0 r

1
2
0 . (8.5)

With pencil jets, only taking into account the mechanism of penetration, it is possible to
clean a surfaceA0 with a volumeVp0 in a timetp. A number of pencil jets proportional
to Vp0/Vp1 (∼ A0/r2

0) is needed to accomplish this task. This number is, for the nozzle
radii under consideration, too large to be technically feasible. Assume that a maximum
number of nozzles,K, can be realized. Then the time needed to clean the whole surface
A0 equals

Tp =
Vp0

Vp1
·
tp

K
∼ A0

K
·U− 3

2
0 r

− 3
2

0 . (8.6)

In a double logarithmicU0, r0 diagram, isolines ofVp0 are straight lines with a slope
of 1. Isolines ofTp are straight lines with a slope of−1, see Fig. 8.5(a). Optimized
r0 U0 combinations tend to be situated at the upper corner of the diagram but there are
constraints. The velocity must exceed the cleaning threshold velocity, indicated by the
dashed line. Furthermore, there is a maximum velocity, which may depend on the droplet
size, that must not be exceeded to prevent unwanted damage of the substrate material.
Further work is needed to obtain a quantitative relationship betweenr0, U0, Vp0 andtp.



122 Discussion and design recommendations| Chapter 8

large T
p

sm
all V

p0

lar
ge

 V p0

sm
all T

p

(log)

U0

0

(log)

PENETRATION

CTV

r

CTV

t o o   m u c h        t i m e
t o

 o 
    

m u 
c h

    
 w

 a 
t e

 r

(a)

small Vg0

large T
g

small Tg

large V g0

(log)

U0

0

(log)

GROWTH

r

CTV

CTV
t o o     m u c h  t i m e

t o o       
m u c h     w

 a t e r  

(b)

FIGURE 8.5 — Regime diagrams of biofilm cleaning with pencil jets. Upper
diagram refers to cleaning through penetration alone (a). Lower diagram refers
to biofilm removal through growth (b). Note that a double logarithmic scale has
been used.
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Growth

In a similar way, a regime diagram can be constructed for the growth phase. From the
experimental work, it was determined that the size of the cleaned area∆A per droplet in
the growth phase scales withU0 andr0 as

∆A∼U3
0 r2

0 . (8.7)

To clean the whole surfaceA0, we needng droplets, whereg stands forgrowth:

ng =
A0

∆A
∼ A0U−3

0 r−2
0 , (8.8)

which occupy a total volume proportional to

Vg0 ∼ ng r3
0 ∼ A0U−3

0 r0 . (8.9)

Theng droplets exit a pencil jet in a timeTg, which scales according to

Tg =
ng

f
∼ ng

r0

U0
∼ A0U−4

0 r−1
0 . (8.10)

This time can be diminished with a factorK by usingK pencil jets at the same time. By
using the growth phase of droplets from a pencil jet, a surfaceA0 is cleaned with a volume
Vg0 in a timeTg. In a double logarithmicU0, r0 diagram, isolines ofVg0 are straight lines
with a slope of 1/3. Isolines ofTg are straight lines with a slope of−1/4 (Fig. 8.5(b)).
The cleaning threshold velocity is indicated by the dashed line, which has also a slope of
−1/4. For efficacious cleaning we need to choose combinations ofr0 andU0 which are
represented by the dark shaded region.

t 2

2A p

pA

t 1

FIGURE 8.6 — Schematic diagram
representing the cleaned area as a
function of time. Indicated are the
time t1 to clean a surfaceAp by
penetration and the timet2 to grow
the cleaned area fromAp to 2Ap.

Growth of the cleaned area is always preceded by penetration of the biofilm. Fig. 8.6
shows a schematic diagram of the cleaned area as a function of time, as was observed in
the biofilm removal experiments (chapter 6). It was observed that the timet1 to clean a
surfaceAp by penetration exceeds the timet2 to grow the cleaned area fromAp to 2Ap,
meaning that the growth phase is more efficient than the penetration phase. This might be
important for the design of the apparatus.



124 Discussion and design recommendations| Chapter 8

A combination of Figs. 8.5(a) and (b) yields Fig. 8.7. The pencil jets operate the
most efficacious in the growth regime, but as penetration is always a necessity, an opti-
mum trade-off between penetration and growth must be made. An approximate scale is
included to indicate order of magnitudes to be expected for the growth and for the penetra-
tion regime. With the construction of regime diagrams we have introduced a methodology
for determining the efficacy of biofilm removal with sprays. More experiments have to be
performed to determine the regimes with better accuracy.

U0
(log)

1 100

(log)r0

100010

1

10

100

1000

penetration

GROWTH

Cleaning threshold velocity

Damage threshold velocity

FIGURE 8.7 — Regime diagram of biofilm cleaning with pencil jets. The shaded
areas represent theU0, r0-combinations that can be used to clean a specific area
A0 within a timeT and with a volume smaller thanV0 solely by penetration or
growth.

8.2 Recommendations for the design of a spray based method for
biofilm removal

For the cleaning of a specific surface within a specific time, efficacious removal is achieved
for a combination of droplet velocity and droplet size as indicated in Fig. 8.7. The regime
diagram describes two different phases in the removal process, but similar trends are ob-
served. The droplet velocity must be above the threshold velocity for cleaning, and it
must be below a damage threshold velocity to prevent unwanted damage of the substrate.

Penetration was found to be less effective than growth. A consequence could be that
a multi nozzle pencil jet with a well chosen discrete spacing of the jets could be an effi-
cacious solution for cleaning. With sprays, droplet impact position strongly vary in time
and the spacing of the droplet impact positions is chaotic and uncontrollable. Therefore
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with such sprays the removal mechanism will probably be based on penetration. The ar-
gumentation is based on results obtained with a pencil jet, and does not take into account
the interaction of droplet impacts on multiple sites. As a next step, biofilm removal with
two neighboring pencil jets should be studied, in particular the effects of droplet size and
velocity and the effect of the distance between the jets.

Water layers on the surface strongly diminish the effect of impinging droplets. There-
fore, the surface must be as dry as possible, which can be achieved for example by using
a jet of air. It is desirable to study the effect of an air jet on the thickness of the water film.

For a spray based method to be used for the removal of dental plaque, it is recom-
mended that the velocity of droplets is as high as possible, taking into account Fig. 8.7,
because large velocities diminish the time needed to clean the whole mouth. The velocity
should be above the cleaning threshold velocityfor angled impact, as the design must be
effective for interdental cleaning. The spray should not cause gum damage, which implies
that the droplet velocity must be below adamagethreshold velocity for gum, which likely
depends on the droplet diameter. The effect of droplet size, droplet velocity and impact
frequency on gum damage is an interesting topic for further research.
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A

MAKING OF PVA LAYERS

The following procedure describes how 0.1 mm thick layers of PVA on glass can be made.

• Microscope slides (25×75×1 mm, Erie Scientific, USA) are rinsed by normal tap
water to remove dust particles, and are dried (we use a vacuum oven). Note that
tap water minerals, mainly calcium salts, will remain on the slides. These improve
the adhesive forces, and prevent peeling of the layer. Slides cleaned with soap, and
washed thoroughly using demineralized water do not perform well.

• 0.2 ml of shaken Poly(Vinyl Alcohol)-Styryl Basolium Quaternary (PVA) solution
is brought in a line on a Teflon base plate having elevations of 100µm at 73 mm
apart (see Fig. A.1). The PVA solution consists of 5 wt% PVA-SBQ H13 (which
is a PVA molecule (degree of polymerization is 1700, degree of separification (hy-
drolysis) is 88%) having 1.3% SBQ groups, which can crosslink when illuminated
with UV light), and 1 wt% latex particles (ca. 1µm diameter, derived from washed
latex paint). The latex particles are probably not completely pure, but pure latex
particles are not commercially available in large concentrations. Latex particles
were added as artificial bacteria, to make the geometry more like dental plaque.
It turned out that also elasticity and tensile strength decreased, making the layers
more similar to dental plaque. An additional advantage is that the opaque layers
are better visible.

• A microscope slide is put on top of the PVA line. Air bubbles can be removed by
pushing the slide aside until the bubbles comes out.

glass plate (2.6 x 7.6 x 0.1 cm)

PVA
µm100

teflon

PVA

glass plate

FIGURE A.1 — Schematic representation of the making of PVA layers on glass.
A drop of liquid PVA is put on a Teflon mould, then covered with a glass plate.
After illumination with UV light, the glass plate with PVA can be removed from
the Teflon.
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• The layers are illuminated by UV light (Philips facial solarium, ca 5 cm distance,
5 min.). The layers are now not completely crosslinked, so use them as soon as
possible or keep them in the dark. For softer, more viscous layers you could use a
shorter illumination time, while a longer illumination time will render harder more
elastic layers (which will also peel more easily). An illumination of 5 minutes
matched the properties (adhesiveness, cohesiveness and elasticity was assessed in
a qualitative way) ofin vivoplaque as close as possible.

• The slides can be removed using something sharp to lift the slide. Sometimes parts
of the layer remain on the Teflon base. Rubbing the Teflon with a small amount of
fat or oil before use can help preventing this.

• The layers can be colored red by submerging them for 5 min. in water containing
plaque disclosing solution (Red Cote, Butler Gum, USA).

• The rheology of the layers is dependent on the amount of water in it. The layers
can best be used as soon as possible. When they are stored, store them in a damp
dark environment so they do not dry out. Under water they will take up water.
To get reproducible results all layers should be exposed to dry air or water for the
same amount of time.



B

BUOYANCY, VISCOSITY AND SURFACE TENSION EFFECTS

ON A MOVING INDENTER

Let us evaluate the magnitude of the forces on a moving indenter due to viscosity, buoy-
ancy and surface tension.

The viscous stress can be approximated by approximating the drag force on the in-
denter with Stokes’ law (creeping flow). For a sphere, this force equalsF = 6πµaU (see
e.g.Kundu (1990)). Here,µ is the dynamic viscosity,a is the radius of the sphere, and
U is the velocity. To a good approximation, this equation can be used for the moving
indenter. With a velocity ofU = 1.5 µm/s, the resulting force on the indenter becomes
10−12 N, which is constant, and in the opposite direction of the indenter’s motion. The
viscous force cannot explain the observed force increase of 0.1µN/s.

The buoyancy force on the tip changes as it progresses deeper in the water layer. This
results in a compression force during the downward motion - thus a positive force - with
magnitude

F = πa2 ·ρg·Ut , (B.1)

whereρ is the density of water,g is the gravitational acceleration constant andt is the
time. This gives a force increase of 7.5 · 10−11 N/s, which is 105 smaller than the
observed force increase in Fig. 3.13(b). Of course, we should have taken into account that
the shape of the indenter is conical. This adds two extra factors to (B.1), due to the linear
increase of the radius of the indenter, but this is only a second order effect and will not
change the general conclusion.

Surface tension also exerts a force on the indenter. The force on the indenter isF =
2πa·γcosθ, whereγ is the surface tension coefficient andθ is the angle of contact between
glass and water. The magnitude of the force is 18µN in rest if one takesθ = 0◦. It does not
play a role here, since we measure only relative force. The conical shape of the indenter
does play a role here, as the contact line between the water and the indenter increases
linearly when the indenter is moved down. The radius of the contact line increases with
∆r = d tan(21◦), whered is the displacement of the indenter and 21◦ is the angle of
the conical indenter. The force increases linearly withd with a magnitude of∆F = γ ·
2π∆r cosθ. For a displacement of 20µm, ∆r = 7.7 µm and∆F = 3.5 µN, which is of the
same order of magnitude as the present observation (2µN). Note that the actual contact
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angle can very well differ from 0◦ due to surfactants in the liquid, which diminish the
force on the indenter correspondingly.

The observed linear force increase is apparently a surface tension effect. It will not
affect the measurements on biofilm too much, since its magnitude is relatively small.



C

DRAWINGS OF PLANE ORIFICE NOZZLE AND SWIRL

NOZZLE

FIGURE C.1 — Drawing of the nozzle body.
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(a)

(b)

FIGURE C.2 — Drawing of (a) the swirl plug and nozzle plate, (b) the nozzle
holder for the SEM apertures.
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RESULTS OF FLASH PHOTOGRAPHS: DROPLET SIZE

HISTOGRAMS
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FIGURE D.1 — Equivalent droplet diameters for 10µm nozzle for different
pressures.
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FIGURE D.2 — Equivalent droplet diameters for 25µm nozzle for different
pressures.
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FIGURE D.3 — Equivalent droplet diameters for 50µm nozzle for different
pressures.
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FIGURE D.4 — Equivalent droplet diameters for 100µm nozzle for different
pressures.
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E

SWIRL NOZZLE CHARACTERIZATION

The graphs below represent the mean velocity, the mean diameterD10 and the volume flux
as a function of position in the spray. Each time, a duplicate measurement was obtained
for which the nozzle was rotated ninety degrees.

E.1 Mean velocities
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continued on page 140
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FIGURE E.1 — Overview of the average velocity in a spray from swirl nozzles
A (top) and B (bottom). Volume rate of flow is 40 ml/min. Measured velocity
fields in two orthogonal cross sections of the spray. The length of the arrow
represents the magnitude of the mean droplet velocity. Velocities are indicated
in m/s. The dashed line indicates the spray cone.
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E.2 Mean diameters
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FIGURE E.2 — Overview of the mean droplet sizeD10 in a spray from swirl
nozzles A (top) and B (bottom). Volume rate of flow is 40 ml/min. Measured
mean droplet sizes in two orthogonal cross sections of the spray. The size of
the circles represents the magnitude of the mean droplet size. Droplet sizes are
indicated inµm. The dashed line indicates the spray cone.
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E.3 Volume fluxes

−5 0 5
0

2

4

6

8

10

12

0.35 0.16 0.3 0.91

0.64 0.24 0.19 0.14 0.2 0.36 0.95

0.38 0.18 0.12 0.1 0.16 0.49 1.5

0.73 0.19 0.11 0.1 0.27 0.79 1.08

x (mm)

y 
(m

m
)

flux (cc cm−3s−1)

−5 0 5
0

2

4

6

8

10

12

0.38 0.25 0.11 0.14

0.9 0.22 0.12 0.09 0.1 0.16 0.73

0.59 0.14 0.09 0.08 0.09 0.19 0.52

0.93 0.3 0.11 0.07 0.1 0.39 0.85

x (mm)

y 
(m

m
)

flux (cc cm−3s−1)

−5 0 5
0

2

4

6

8

10

12

0.27 0.08 0.1 0.23

0.93 0.15 0.08 0.07 0.09 0.17 0.85

0.5 0.11 0.07 0.07 0.08 0.14 0.55

0.82 0.27 0.14 0.07 0.13 0.38 0.99

x (mm)

y 
(m

m
)

flux (cc cm−3s−1)

−5 0 5
0

2

4

6

8

10

12

0.13 0.09 0.14 0.5

0.46 0.09 0.06 0.07 0.16 0.5 0.67

0.21 0.07 0.07 0.07 0.13 0.32 0.84

0.47 0.12 0.07 0.07 0.26 0.84 0.77

x (mm)

y 
(m

m
)

flux (cc cm−3s−1)

FIGURE E.3 — Overview of the volume flux in a spray from swirl nozzles A
(top) and B (bottom). Volume rate of flow is 40 ml/min. Measured flux fields in
two orthogonal cross sections of the spray. The length of the arrow represents
the magnitude of the flux. Fluxes are indicated in cc cm−3 s−1. The dashed line
indicates the spray cone.
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RESULTS OF BIOFILM REMOVAL EXPERIMENTS WITH

PENCIL JETS
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SUMMARY

Biofilm growth on human teeth is the cause of oral diseases such as caries (tooth decay),
gingivitis (inflammation of the gums) and periodontitis (inflammation of the tooth bone).
In this thesis, a water based cleaning method is designed for removal of oral biofilms, or
dental plaque.
The first part of the work was done in the context of a two-year post-graduate study at
the Stan Ackermans Institute of the Technische Universiteit Eindhoven. Five water-based
cleaning concepts were evaluated on efficacy, safety and ease of use. The efficacy of the
concepts was tested on real plaque in the mouth, and on artificial plaque layers. The latter
consisted of a mixture of Poly(VinylAlcohol)-SBQ and latex particles in water (PVA),
which was gelated by ultraviolet light. If it was technically impossible or if it was not
safe to test the concepts in the mouth, the concept was only tested on artificial plaque.
Different series of preliminary experiments on the removal of PVA layers were performed
with water jets, water jets with air bubbles, spray jets with and without abrasive particles
and ultrasound. Spray jets with or without abrasive particles performed better than water
jets with and without air bubbles and better than ultrasound. Some further experiments
were done to characterize the air assisted water sprays for different air pressures and
water flow rates. Droplet diameters between 5 and 200 micrometers and droplet velocities
between 10 and 100 meters per second were found for supply pressures in between 1 and
2 bar. The effect of the adjustable parameters of the spray,i.e. the air pressure and the
water flow rate, on the cleaning efficacy was determined.
Since the concept of a spray jet (without abrasive particles) was proven to be effective
for plaque removal on real human teeth, it was decided to investigate the effect of spray
parameters on cleaning efficacy in detail. In this way, the exact mechanism of plaque re-
moval could be better understood, which was essential to optimize the system parameters.
As a first step, an improved substitute for dental plaque was developed. The model com-
prised a biofilm build fromStreptococcus mutansbacteria, naturally present in human
plaque, that was grown on glass plates under favorable conditions. The biofilm was
characterized mechanically by a micro-indentation device, in which a small indenter was
pressed into the biofilm. The process was visually observed with a confocal microscope.
The visual observations and the force-displacement curves of the indenter showed that
the biofilm is a porous visco-elastic solid that has a tangential elasticity modulus ranging
from 1-15 kPa at a strain of 10%.
Second, different sprays with known size-velocity distributions were used to perform lab-
oratory experiments in which a biofilm was exposed for a short time to the spray. Now,
the cleaning efficacy of the spray could directly be linked to the parameters of the spray.
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In order to improve the experimental conditions, experiments were repeated with pencil
jets, which have reasonably uniform droplets both in size and in velocity. The relation-
ship between biofilm removal rate and droplet parameters was determined. It was found
that two phases can be distinguished in the removal process. In the penetration phase, the
droplets gradually remove biofilm until the substrate. In the subsequent growth phase,
the existing cleaned area increases in time. It was found that the growth rate scales with
the cube of the droplet velocity and with the square of the droplet diameter. It was con-
cluded that biofilm is removed more efficiently during the growth phase than during the
penetration phase.
For a complete overview, numerical simulations were done of impacting droplets on solid
surfaces which were either dry or covered by a thin water film. The temporal behavior
of the pressure and the shear stress on the solid surface was determined as a function of
the droplet’s initial velocity and diameter. The pressures on the surface scale with the
stagnation pressure, while the shear stresses scale with the square root of the velocity and
the square root of the diameter.
It was established that the presence of a water film on the solid surface strongly decreases
the magnitude of the stresses involved and quantitative estimates for these reducing effects
of water films were found.
For cleaning of a certain area with a given volume of water in a given time, regime dia-
grams were constructed for the penetration phase and for the growth phase. The efficacy
of biofilm removal with monodisperse droplet streams was given as a function of the
droplet velocity and the droplet diameter.
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Caries (tandbederf) en gingivitis (tandvleesontsteking) worden beide veroorzaakt door de
aanwezigheid van een biofilm op de tanden en kiezen in de mond. In dit proefontwerp
wordt het ontwerp voor een hydrodynamische reinigingsmethode besproken voor de ver-
wijdering van orale biofilms, ook wel tandplak genoemd.
Het eerste deel van het werk is uitgevoerd in het kader van de tweejarige postdoctor-
ale opleiding aan het Stan Ackermans Instituut van de Technische Universiteit Eind-
hoven. Vijf reinigingsmethodieken zijn geëvalueerd op effectiviteit, op veiligheid en op
gebruiksgemak. De effectiviteit van de methodieken is getest opin vivo tandplak in de
mond en op model-tandplak. Het model-tandplak is opgebouwd uit een mengsel van
Poly(VinylAlcohol)-SBQ en ronde latexdeeltjes in water (PVA), welke met ultraviolet
licht tot een gel worden gemaakt. Indien het technisch niet mogelijk, danwel onveilig was
om de methodieken toe te passen in de mondholte, dan werd het reinigingsconcept alleen
op modeltandplak getest.
Een aantal inleidende experimenten is uitgevoerd op PVA lagen met waterjets, waterjets
met luchtbellen, ‘spray’-jets met en zonder schurende deeltjes en ultrageluid. ‘Spray’-
jets met en zonder schurende deeltjes werden effectiever bevonden dan waterjets met
en zonder luchtbellen en ultrageluid. Vervolgens zijn experimenten uitgevoerd waarin
de met lucht aangedreven sprays zijn gekarakteriseerd bij verschillende luchtdrukken en
verschillende waterdebieten. Voor drukken tussen de 1 en 2 bar werden druppelgroottes
tussen 5 en 200 micrometers en druppelsnelheden tussen 10 en 100 meters per seconde
gemeten. Het effect van de luchtdruk en het waterdebiet op de effectiviteit van de spray
is bepaald.
Nadat was aangetoond dat met een spray jet (zonder schurende deeltjes)in vivo tandplak
kon worden verwijderd, is besloten om een meer gedetailleerde studie uit te voeren naar
het effect van spray parameters op de effectiviteit. Op deze manier kon het precieze
verwijderingsmechanisme worden bestudeerd, hetgeen essentieel is om het systeem te
kunnen optimaliseren.
Als eerste werd een verbeterd model voor tandplak ontwikkeld. Dit model bestond uit
een biofilm vanStreptococci mutansbacterïen, van nature aanwezig in tandplak, welke
gegroeid was op een oppervlak van glas of van polystyreen onder gunstige omstandighe-
den. De mechanische eigenschappen van biofilm werden bepaald met een micro-indentatie
apparaat, waarin een kleine indenter in de biofilm werd gedrukt. Het proces werd visueel
gevolgd met een confocale microscoop. De visuele observaties samen met de kracht-
verplaatsing metingen van de indenter wezen uit dat biofilm een poreuze visco-elastische
vaste stof is met een differentiële elasticiteitsmodulus tussen de 1 - 15 kPa bij een rek van



160 SAMENVATTING

10%.
Vervolgens zijn laboratoriumexperimenten uitgevoerd met sprays waarvan de verdelings-
functies van de druppeldiameter en van de druppelsnelheid bekend waren. Biofilms wer-
den voor korte tijd blootgesteld aan de sprays, zodat de effectiviteit direct kon worden
gerelateerd aan de sprayvariabelen.
Om de experimentele omstandigheden te verbeteren, werden de experimenten herhaald
met zogenaamde ‘pencil’-jets, welke een redelijk uniforme drupppelgrootte en druppel-
snelheidsverdeling bezitten. Het verband tussen de snelheid van biofilmverwijdering en
de druppelgrootheden is bepaald. Het blijkt dat in het verwijderingsproces onderscheid
kan worden gemaakt tussen twee fasen. In de ‘penetratiefase’ wordt de biofilm geleidelijk
tot aan het substraat verwijderd. In de daarop volgende ‘groeifase’ wordt het schoonge-
maakte oppervlak vergroot. De snelheid van de groeifase schaalt met de druppelsnelheid
tot de derde macht en met de druppeldiameter in het kwadraat. De verwijdering van
biofilm tijdens de groeifase werd efficiënter bevonden dan tijdens de penetratiefase.
Om een compleet beeld te krijgen zijn numerieke simulaties uitgevoerd waarin druppels
botsten met oppervlakken die droog waren of bedekt waren met een dun laagje water. Het
tijdsafhankelijke gedrag van de druk en de schuifspanning op het oppervlak was bepaald
als functie van de druppelsnelheid en van de druppeldiameter. De druk op het oppervlak
schaalt met de stagnatiedruk, terwijl de schuifspanningen schalen met de wortel van de
snelheid en de wortel van de diameter.
Vastgesteld is dat de aanwezigheid van een dunne waterfilm op een oppervlak de ampli-
tude van de drukkrachten en schuifspanningen sterk vermindert, en kwantitatieve schat-
tingen voor deze effecten zijn verkregen.
Voor het reinigen van een zeker oppervlak in een gegeven tijdsduur met een gegeven
volume water zijn regimediagrams opgesteld voor de penetratiefase en voor de groeifase.
De effectiviteit van reiniging met monodisperse druppelstralen is gegeven als functie van
de druppelgrootte en de druppelsnelheid.
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1 mm

gum
plaque

FIGURE G.5 — Shown is the lower part of a lower anterior tooth. The tooth
(white) is surrounded by gum tissue (pink). Plaque is colored with a pink in-
dicator (intense pink). If a nylon filament (blue) is dragged through the plaque
layer, it leaves behind a wake.
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FIGURE G.6 — The upper part of an upper anterior tooth exposed to an oral
irrigator. The tooth (white), the gums (pink) and plaque (intense pink) are visi-
ble. Shown is the tooth before (a), during (b) and after a five-second treatment
(c) with the water jet.

jet

(b)(a)

FIGURE G.7 — An upper incisor exposed to a high pressure water jet. The jet is
clearly visible. The black circle indicates a region close to the gingival margin
before (a) and after treatment (b) with the jet. A rectangular shaped plaque
region near the gumline is removed after treatment.

(b)(a)

FIGURE G.8 — Shown is an upper incisor (middle tooth) before (a) and after
(b) treatment with a spray jet. Nozzle diameter is 0.4 mm, air pressure is 2 bar
and water flow rate is 60 ml/min.



IMAGE GALLERY 167

(a) (b)

1µm10µm

FIGURE G.9 — Confocal images of a two-week-old biofilm. Living bacteria
are green, dead bacteria are red. The diameter of the bacteria can be estimated
from (b), which is a zoomed part of (a).

20 µm

28µm23µm18µm

13µm8µm3µm

FIGURE G.10 — Series of confocal images from a one-day-old biofilm. The
biofilm is 29 µm thick. Only SYTO-9 was used to visualize living bacteria.
Numbers refer to the height in the biofilm above the glass surface.
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10 µm

FIGURE G.11 — Successive images of a drag experiment, in which a 200µm
tip (indicated by the red line) is dragged horizontally through the biofilm. De-
formation and advection of three lumps of biofilm is highlighted by the white
lines. Biofilm is one-day old, and has a thickness of 29µm.

20 µm

FIGURE G.12 — Successive images of a drag experiment through one-day-old
biofilm, 29µm thick. The indenter is indicated by the red line and moves to the
left relative to the biofilm. Plane of observation is 5µ above the end of the tip.
A wake behind the indenter can clearly be seen.

20µm

FIGURE G.13 — Successive images of a drag experiment through two-day-old
biofilm, which is 75µm thick. The indenter is indicated by the red line. Plane
of observation is 2µm underneath the end of the tip. Biofilm underneath the tip
is completely damaged.
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FIGURE G.14 — Typical result of
a numerical simulation of a droplet
impacting a solid surface. Shown
is the volume of fluid (VOF) frac-
tion at t = 0.5, 1.0, 1.5 and
2.5 µs. Droplet impact takes
place at 1.03µs. Droplet veloc-
ity is 50 m/s and droplet radius
is 100 µm. Used time step was
10−8 s.
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FIGURE G.15 — Typical result of
a numerical simulation of a droplet
impacting a solid surface. Shown
is the velocity field att = 0.5, 1.0,
1.5 and 2.5µs. Droplet impact
takes place at 1.03µs. Droplet ve-
locity is 50 m/s and droplet radius
is 100 µm. Used time step was
10−8 s. Velocities are expressed in
m/s.
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FIGURE G.16 — (a) Pressures (in Pa) in the numerical domain at times 1.0, 1.5
and 2.0µs for a droplet with a radius of 100µm and with a velocity of 50 m/s.
Scale is approximately similar as in Fig. G.14. (b) Pressure distribution along
the wall as a function of the radial coordinate. Used time step is 10−8 s. The
droplet makes impact att = 1.03 µs. Color images can be found on page 171
(Fig. G.16).
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FIGURE G.17 — VOF fractions of an impacting water droplet with radius
100µm and velocity 50 m/s on a 3µm thick water film at timest = 0.1,1.0,1.5
and 2.5 µs.
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