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Foreword  
It is my great pleasure to present to you the proceedings of the first 'Physics with 
Industry' workshop that was organised at the Lorentz Center in the Netherlands. The 
main aim of the 'Physics with Industry workshop' was to obtain creative solutions for 
industrial problems and to bring (young) physicists in contact with industrial R&D.  
 
The workshop was inspired by the 'Mathematics with Industry' workshops, which have 
regularly been organised by the 'International Study Group Mathematics with Industry' 
since 1968. The Foundation FOM and Technology Foundation STW took the lead in the 
new physics edition. As well as enabling excellent scientific research, both FOM and 
STW focus on contributing to the Dutch knowledge economy, for example through 
public-private research collaborations and the training of young scientists. The 'Physics 
with Industry' workshop is therefore a natural extension of FOM's and STW's ambition 
to help companies and to inspire (young) physicists.  
 
Sixty-seven physicists participated in the workshop, ranging from PhD students to pro-
fessors. These scientists spent a week working in groups on five industrial problems, 
which were selected by a programme committee from proposals put forward by indus-
try. Following an introduction to the various problems by the companies on Monday, the 
participants worked on these in groups for the rest of the week. On the last day, the 
groups presented their findings to the companies.  
 
Besides the scientific outcomes, the workshop also resulted in new collaborations and 
researchers were approached by recruiters of the participating companies. Participants 
were mostly driven by the shear pleasure of applying their physics knowledge to new 
problems, the desire to enrich their scientific network and the interest in gaining hands 
on experience with industrial R&D processes. Companies benefited from the scientific 
input they received and participating in the workshop enlarged their academic network.  
 
These proceedings provide an overview of the scientific results obtained during the first 
'Physics with Industry' workshop. I hope you enjoy reading it! 
 
 
 
Wim van Saarloos 
Director FOM 
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Introduction 
The workshop was initiated by FOM and organised in collaboration with the Lorentz 
Center with the support of Technology Foundation STW. The five problems discussed 
during the week were collected via an open call for proposals in spring 2010. Ten pro-
blems were submitted by the deadline. A programme committee selected the five 'best 
problems' for the workshop. The selection criteria used by the committee were:  
 
• it must be possible to solve the problems (or a major solution must be within reach) 

within one week and physics can make a clear contribution to the solution; 
• it should be an urgent problem; 
• the company should be willing to share detailed information. 
 
The committee aimed at a mix of contributions from small, medium and large compa-
nies. The committee was formed by seven researchers with different physics back-
grounds: 
 
Prof. Reinder Coehoorn, Philips Research/Eindhoven University of Technology  
Prof. Marileen Dogterom, FOM Institute AMOLF  
Prof. Ute Ebert, Centrum Wiskunde & Informatica 
Prof. Erik van der Giessen, University of Groningen  
Prof. Martin van Hecke, Leiden University 
Prof. Detlef Lohse, University of Twente 
Prof. Rob van der Mei, Centrum Wiskunde & Informatica 
 
The committee selected problems from the companies ASML, NXP, Teijin, NIZO and 
FrieslandCampina. As soon as the five workshop problems had been selected, senior 
researchers from academia who are familiar with the specific subjects involved were 
recruited. They were asked to help the companies to prepare their questions for the 
workshop and to join the full workshop week to guide the progress of the discussions.  
 
The proceedings contain five chapters, one for each company case. Each chapter starts 
with a description of the and a profile of the company, followed by a detailed description 
of the results of the workshop week. 
 
Based on the results reported in this document and the highly positive feedback received 
from both industrial and academic participants about the week, the organising commit-
tee has decided to organise another 'Physics with Industry' workshop in October 2011. 
FOM will invite companies to submit a problem for this new workshop in the spring of 
2011. 
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Droplet removal with impinging planar micro jets 
 
 
 
 
 
 
 
 
 
 
Laurens van Bokhoven1, Ramin Badie1, Berend Brasjen2, Hanneke Gelderblom3, 
Antina Ghosh4, Avraham Hirschberg2,3, Nico ten Kate1, Hyoungsoo Kim5, Steven Kleijn6, 
Detlef Lohse3, Colin Paterson7, Stephen Wilson7, Koen Winkels3 

 

1 ASML Netherlands B.V., The Netherlands 
2 Eindhoven University of Technology, The Netherlands 
3 Twente University of Technology, The Netherlands 
4 University of Amsterdam, The Netherlands 
5 Leiden University, The Netherlands 
6 Delft University of Technology, The Netherlands 
7 University of Strathclyde, Scotland 

1. Abstract 
A strategy is proposed to model the interaction between normally impinging laminar jet 
flow ( ) and water droplets. First, the hodograph method is adopted to compute 
the inviscid flow at the impingement plate. The wall pressure is computed with 
Bernoulli's principle. The wall shear stress follows from a boundary layer development 
by Thwaites method. The shear layer at the free stream line is assumed to grow like the 
shear layer between a parallel uniform and stagnant flow. These results are combined to 
define a first-order velocity profile at distance 2  from the stagnation point and beyond, 
with  the width of the nozzle exit. First attempts to match this first-order solution to 
Glauert's self-similarity solution for the laminar wall jet turned out unsuccessful. The gas 
flow models are used to compute the wall stresses. These serve as input for estimating 
the drag force exerted on a droplet in impinging gas flow. Because of mathematical 
difficulties, this part of the original problem is simplified. We adopt a purely 2D 
geometry and fix impingement plate (i.e. no relative motion between droplet and plate). 
We extend existing lubrication models to deal with interface shear stress. The next step is 
to extend such models to 3D and add relative motion between plate and droplet. 

3Re ~ 10D

D
D

2.1 Company profile 
ASML is the world's leading provider of lithography systems for the semiconductor 
industry, manufacturing complex machines that are critical to the production of 
integrated circuits or microchips. Headquartered in Veldhoven, the Netherlands, ASML 
designs, develops, integrates, markets and services these advanced systems, which 
continue to help our customers - the major chipmakers - reduce the size and increase the 
functionality of microchips, and consumer electronic equipment. 
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2.2 Problem description 
ASML's high-end lithography machines rely on immersion technology for printing 
features at the highest resolution commercially available. Immersion means liquid is 
added between lens and wafer. Because of the ever increasing demand for higher 
throughput wafers need to be moved at increasingly higher speeds. At some point, a 
critical scan speed is reached beyond the dewetting speed of the receding liquid 
meniscus. The liquid that is lost forms sub-millimeter droplets. These droplets evaporate 
imposing undesired thermal loads, or collide with the liquid meniscus leading to 
bubbles. Bubbles in the optical path lead to printed defects bringing down the yield of 
the IC production considerably. 
 
We wish to avoid these effects by removing droplets from the wafer or other critical 
machine parts. One way to do so is by blowing air from a planar nozzle. This is 
illustrated in Figure 1. Drying performance is largely determined by the stress 
distribution at the wafer. We would like to have analytic descriptions for these quantities 
in terms of nozzle width , mean exit velocity , and impingement distance D eU H . Also, 
given a certain contact angle and contact angle hysteresis we like to compute what 
droplet size is blocked for a given air flow from the nozzle and what size drops will pass 
under the nozzle. 
 

water droplet wafer

D

Ue

Vm

air flux

nozzle

Hx1

y1

x
y

 

Figure 1: Schematic representation of the problem. 

3.1 Problem solving strategy 
The system considered consists of a water droplet on a moving substrate that is subject 
to the flow of an air jet. The critical size for the droplet to be withheld by the jet can be 
computed from the integral force balance over the droplet. For a droplet of given 
diameter , this force balance consists of four contributions, as sketched in Figure 2. 0d
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,d Aθ ,d Rθ

d0

shear presF F+
Y 0vF F+

 

Figure 2:  Schematic showing the forces acting on a sessile droplet subject to external 
flow and substrate motion. 

 
The total force on the droplet due to the jet flow can be decomposed into contributions 
from shear ( shearF ) and pressure gradient over the length of the droplet ( presF ). These 
forces are counteracted by the viscous drag force 0vF , which is due to the moving 
substrate, and by the dynamic Young force YF , which is due to the dynamic contact 
angle hysteresis , ,–d A d Rθ θ . 
 
When the contact angles of the droplet are assumed small, the lubrication equation can 
be derived for the specific case of a quasi-steady droplet on a moving substrate under 
external shear and with an additional external pressure gradient. Neglecting gravity, the 
two-dimensional version of this ordinary differential equation (ODE) is given by (see 
also[1]) 
 

 
3

3 2

3 dd 1
2 dd

e eph
h x

3Ca
x h

τ
γ γ

= − + −  . (1) 

 
This equation can be used to find the droplet profile  as a function of two input 
parameters (the shear 

( )h x

eτ  and pressure  at the liquid-gas interface) and the capillary 
number 

ep
Ca pUμ γ= , with μ  the dynamic viscosity, pU  the plate's velocity, γ  the surface 

tension. 
 
The force balance can be obtained by integrating (1) (after multiplication with ) over the 
length of the droplet: 

h

 

 
3

3

3d Cd d d
2d

A A A A

R R R R

x x x x
e e

x x x x

dph hh x x x
dx hx

τ
γ γ

= − + −∫ ∫ ∫ ∫
a dx  . (2) 

 
Since the droplet's contact angles are assumed small, the external stresses may as well be 
approximated by the wall stresses without the presence of the droplet (i.e. a one-way 
coupling between jet and droplet). A strategy for computing these wall stresses is 
discussed below. 

3.2 Computing wall stresses 
For planar subsonic jets the study of Verge [2] indicates that the jet shear layers will 
become turbulent at the nozzle exit when the jet exit Reynolds number 
Re 2000D eU Dρ μ= > , where ρ  and μ  are the density and dynamic viscosity of air,  
the mean velocity at the jet exit, and  the jet thickness at the nozzle exit. We focus on 

eU
D
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Reynolds numbers Re  so the jet can be assumed laminar up to a distance 1000D ≤ 1 ~ 10x D  
from the nozzle exit. 
 
The shear layers bounding the air jet will broaden as a result of viscous momentum 
transport. Following Schlichting [3] the shear layer thickness will be given by 

14 /s ex Uδ ν≈ , with coordinate 1x  as defined in Figure. The viscous shear layers will 
reach the jet center line at 1 15x D= . So for 1 10x D<  it seems reasonable to consider the 
stagnation-point flow as an inviscid flow bounded by thin viscous layers (shear layers 
and boundary layers). We use as first approximation for the potential flow the impinging 
jet theory of Milne-Thompson [4]. The underlying method is known as the hodograph 
method. 
 
We use a boundary layer theory proposed by Thwaites [5] (summarized in Blevins [6]) to 
predict the viscous boundary layer growth from the stagnation point along the substrate. 
A more accurate description of the boundary layer can be obtained locally around the jet 
center line (impingement point) by using the stagnation-point flow theory of Schlichting 
[3]. The parameters of the stagnation-point flow are obtained from the solution of Milne-
Thompson [4] by using a Taylor expansion for short distances from the stagnation point 
( 1x D <  with coordinate x  as defined in Figure 1). 
 
Along the wall, at large distances from the stagnation point one expects the self-similar 
wall jet model of Glauert [7] to become a reasonable theoretical description of the flow. 
The parameters in this solution should be found by matching the Glauert solution to the 
boundary layer model described above. Parameters in this matching procedure are the 
characteristic velocity and the virtual origin of the self-similar jet flow. Matching is 
obtained by assuming continuity of momentum flux and maximum velocity. 

4.1 Stagnation-point flow 
Consider the normal impingement of two identical inviscid gas jets (Figure 3.). There is 
zero mass flow across interface , thus we in fact mimic a full-slip wall (the 
impingement plate). The initial jet thickness is denoted by , the velocity by . The 
stagnation point is taken as the origin. 

0y =
D eU

 

 

Figure 3: Two normally impinging jets. 
 
Let us define the complex velocity as 
 
 qe v uιθυ ι−= = −  , (3) 
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where q  is the speed and θ  is the direction of the velocity. On a free streamline we have 

eU e ιθυ −= . The complex field coordinate is denoted by z y xι= + , where x ,  are the 
Cartesian coordinates in Figure 3 (or Figure 1). The expression connecting the complex 
field coordinate and the velocity is given by, 

y

 

 ln lne e

e e

U UDz
U U

υ ιυ
ι

π υ ι
⎡ ⎤− +

= +⎢ ⎥+ −⎣ ⎦υ
 . (4) 

 
For , we have 0y = z xι= . So, to find the velocity  at the full-slip wall simply take the 
imaginary part of 

( )u x
(4): 

 

 
2 2

2 2

( )
arg ln arctan arctan ln

( )
e e e

e e e e e

U U U uD D u ux
U U U v U v U u

υ ιυ
π υ ιυ π

v
v

⎡ ⎤⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞− + + +
= + = + +⎢ ⎥⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎜ ⎟+ − − + − +⎢ ⎥ ⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦ ⎣ ⎦

 . (5) 

 
Since  this simplifies to ( 0) 0v y = =

 

 11 2arctan ln
1

e

e e

u Ux u
D Uπ

⎡ ⎤+
= +⎢ ⎥−⎣ ⎦u U

 . (6) 

 
A first-order approximation follows with Taylor-series expansions: 
 

 ( )5

4e

u x O x
U D

π
= +  . (7) 

 
So near the stagnation point the velocity ( 0u y )=  increases linearly. This is confirmed by 
Figure 4 (left panel) which shows the numerical solution to (6). The velocity has almost 
reached its maximum when . A 5th order fit to this profile (valid for / ~ 2x D /x D 3≤ ) is 
included in the graph. For  the velocity can be assumed constant, . We use 
this approximation further on. 

/x D > 3 eu U=

 
The pressure distribution at 0y =  can be computed with Bernoulli's principle: 
 

  
2

21
2

1
ee

p u
UUρ
⎛ ⎞

= −⎜ ⎟
⎝ ⎠

 , (8) 

 
with eu U  implicitly given by (6). Solving numerically gives Figure 4 (right panel). The 
pressure approaches zero asymptotically. It is only ~2% of the stagnation pressure by the 
time 2x D . 
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Figure 4:  Left panel: normalized velocity eu U  as a function of normalized coordinate 
x D . Blue line: potential flow solution. Green line: 5th order fit. Right panel: 
Normalized pressure 21( 0) /p y U2 eρ=  as a function of x D . Blue line: 
potential flow solution. Green line: Hiemenz' solution. 

4.2 Boundary layer growth according to Schlichting 
Adopt the ( , )x y -coordinate system of Figure. Near the stagnation point, the velocity and 
pressure distribution of the inviscid flow are given by 
 

  and 
ˆ

ˆ
U ax

V a

⎧ =⎪
⎨

= −⎪⎩ y
( ) (2 2 2 2 2

0
ˆ ˆ ˆ ˆ

2 2
P P U V P a x yρ ρ

= + + = + + )  (9) 

 
respectively, with  denoting a constant, a P̂  the pressure at an arbitrary position, and  
the pressure at the stagnation point.  

0P

 
In order to satisfy the no-slip condition at the wall (located at 0x = ), the effect of 
viscosity must be taken into account. Schlichting adopts the following ansatz for velocity 
and pressure (already satisfying continuity): 
 

 
ˆ '( ) '( )

( )

u Uf axf

v a f

η η

ν η

⎧ = =⎪
⎨

= −⎪⎩
 and 2 2

0
2 ( )

2
P p a x F

a
ρ ν η⎡ ⎤= + +⎢ ⎥⎣ ⎦

 , (10) 

 
with the transformed coordinate a yη ν= . Function ( )f η  can be thought of as the 
dimensionless stream function ( )x a fψ ν η= . Inserting the ansatz into the momentum 
equation (for x-direction) gives an ODE for ( )f η . Hiemenz was the first to solve this 
equation for plane stagnation-point flow, see [3] for details. 
 
Comparison between (8) [with solution (7) substituted] and (10) (with 0y =  so that 

( ) 0F η = ) yields for the constant 
 

 
4

eU
a

D
π

=  . (11) 

 
With Hiemenz' solution we find for the wall stresses: 
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2

2 2 2
0 02 2 4

e
w

U
p P a x P x

D
πρ ρ ⎛ ⎞= − = − ⎜ ⎟

⎝ ⎠
 , or, 

2

21
2

1
4

w

e

p x
DU
π

ρ
⎛ ⎞= − ⎜ ⎟
⎝ ⎠

 , (12) 

 
and 
 

 
3/2

''( ) 1.24 1.24
4

e
w

Ua aaxf ax x
D
πμτ μ η μ

ν ν ν
⎛ ⎞= = ⎜ ⎟
⎝ ⎠

 . (13) 

 
The wall pressure solution corresponds to the first-order solution found in the potential 
flow analysis, see Figure 4 (green line in right panel). The wall shear stress prediction is 
shown in Figure 5 (green line). 
 

 

Figure 5: Wall stresses in plane stagnation-point flow. Green line: Hiemenz' solution. 
Red line: prediction obtained with Thwaites' method. 

4.3 Boundary layer growth according to Thwaites 
Adopt the ( , )x y -coordinate system of Figure 1. In order to determine the wall shear 
stress near the stagnation point we adopt Thwaites' method. We first compute the 
momentum thickness 
 

 2
2 6

0

0.45 ˆ dˆ
x

U x
U

νδ = ∫ 5  (14) 

 
using our implicit potential flow solution (6) for the free stream velocity . Next, we 
calculate the numerical value of the dimensionless parameter 

Û

 

 
2
2

ˆd
d
U
x

δ
λ

ν
=  . (15) 

 
We then evaluate the shear function ( )S λ  using Thwaites' values tabulated in [6]. The 
wall shear stress immediately follows from 
 

 
2

ˆ
( )w

US ρντ λ
δ

=  . (16) 
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The result is depicted in Figure 5 (red line). 

4.4 Free shear layer growth 
Adopt the ( , )x y -coordinate system of Figure 1. The free shear layer grows like (see Sec 
3.2) 
 

 124S
e

s
U
νδ  , (17) 

 
with the arc length given by 
 

 ( )2

( )

' 2 2
( ) 1 ( )  ln sinh 1 ln sinh 1

2 2

b

a a

x
b a

ab b
x y H

x xD Ds x f x dx
D D

π π
π π=

⎧ ⎫ ⎧ ⎫⎡ ⎤ ⎡⎛ ⎞ ⎛ ⎞⎪ ⎪ ⎪= + = − − −⎨ ⎬ ⎨
⎤⎪
⎬⎢ ⎥ ⎢⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎪ ⎪ ⎪
⎥
⎪⎣ ⎦ ⎣⎩ ⎭ ⎩

∫
⎦⎭

 . (18) 

 
Here we have used the description for the free stream line (from [4]), 
 

 2( ) ln coth 1
2 4
D D xf x

D
π

π
⎧ ⎫⎡ ⎤⎛ ⎞= + −⎨ ⎬⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦⎩ ⎭

 . (19) 

 
and standard integrals. And since the free stream line is almost flat for 2x D> , we can 
write the following approximation for the shear layer thickness: 
 

 ( )124 4 7.2254 2S
e e

s D x D
U U
ν νδ ≈ ⋅ + −  . (20) 

4.5 Matching with laminar wall jet flow 
Adopt the ( , )x y -coordinate system of Figure 1. We define a first-order stagnation-point 
flow profile for 2x D ≥ , 
 

 
[ ]

[ ]
[ ] [ ]

2 2

2

( ) 0 ( )
( , ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

e

e S

e S S

U y x y x
u x y U x y f x x

U f x y x f x x y f x

δ δ
δ δ

δ δ

⎧ ≤ <
⎪= ≤⎨
⎪ − − <⎩

≤ −
≤

 , (21) 

 
and match this to Glauert's self-similar laminar wall jet solution,  
 

 
2

'U( , ) ( ( ))
16
vu x y f xη=  , (22) 

 
with  a velocity scale introduced in Glauert's analysis (and without clear physical 
meaning), 

U
' ( )f η  the dimensionless velocity profile, and ( , )x yη  the dimensionless 

distance to the wall. We refer to [7] for further details. 
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Figure 6: Normalized velocity profile ( ), / eu x y U . Blue line: first-order stagnation-point 
flow approximation. Red line: laminar wall jet solution. Matching location: 

~ 5.4M D . x

 
In order to match the flow profiles (21) and the following conditions are imposed at the 
matching location Mx : equal mass flux, equal momentum flux, equal maximum velocity. 
The procedure leads to the numerical solution depicted in Figure 6. The profiles do not 
match visually. There is a significant difference in the wall shear stress. Introducing a 
nonzero virtual origin in the wall jet solution did not improve the visual match. 

5 Droplet deformation ( 0xd p = , 0pU = ) 
Now that we have first-order estimates for the wall stresses induced by the jet flow, their 
effect on the droplet can in principle be calculated from the integral equation (2). As a 
first step, consider a thin 2D droplet (i.e. a ridge) on a fixed substrate (i.e. ). 
Assume that across the droplet the external stresses are independent of 

Ca 0=
x  then 

d d 0ep x = . The flow, , and pressure, , within the droplet are then given by ( , )u x z ( )p x
 

 ( )
21,  ,

2
0 ,

edp zu x z hz z
dx

v

τ
μ μ

⎧ ⎛ ⎞
= − +⎪ ⎜ ⎟

⎨ ⎝ ⎠
⎪ =⎩

 and 
2

2

d
de

hp p
x

γ= −  , (23) 

 
respectively. Imposing the condition of zero net volume flux in the droplet yields a 3rd 
order ODE for the droplet profile , namely ( )h x
 

 
3

3

3
0

2
ed h
hdx
τ

γ + =  . (24) 

 
For the boundary conditions, we choose to impose the receding and advancing contact 
angle as well as the external (tangential) stress. As the receding contact line is closest to 
the nozzle, it is most plausible to assume that this is the point to be withheld and 
maintain a stationary position rather than the advancing contact line. We set 0Rx = . The 
position Ax  of the advancing contact line and the critical droplet volume V  immediately 
follow once we solve for the profile.  
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To apply the boundary conditions we use the local behavior at the receding contact line 
then employ a shooting method to calculate for . In the vicinity of the receding contact 
line the shear term in 

( )h x
(24) diverges and must be balanced by the surface tension term. 

The local droplet shape must therefore be approximated by a wedge of angle Rθ  and a 
correction term cf , 
 
 ( )( ) ~ ( )         (x x )R R c Rh x x x f xθ − + ≥  , (25) 
 
satisfying 
 

  , lim ( ) 0
R

cx x
f x

↓
=

( )
( )

lim 0
R

c

x x
R R

f x
x xθ↓

=
−

 , and 
33

3 3

d 3dlim lim lim
2 ( )d dR R R

c e

x x x x x x

fh
h xx x
τ

γ↓ ↓ ↓
= =  . (26) 

 
Based on these requirements, one can postulate a correction function that is given by 
 

 ( ) (23
( ) ln

4
e

c R
R

)Rf x x x x
τ
θ

= − − x  . (27) 

 
A second correction term must then be added to ensure that the advancing contact angle 
constraint is satisfied, which is found to be of quadratic form, leading to the total 
expression 
 

 ( ) ( ) ( ) ( )2 23
( ) ~ ln           ( )

4 2
e

R R R R R
R

kh x x x x x x x x x x x
τ

θ
θ

− + − − + − ≥ R  . (28) 

 
Here,  is a shooting parameter that can be thought of as the curvature of the droplet 
near the receding contact line. Using 

k
(28) as an initial condition and setting eτ  to some 

constant value obtained from the wall jet solution, the ODE (24) can be solved using the 
built-in ODE-solver from the commercial mathematical software package Maple. 
 
Some first results are shown in Figure 7. The left figure shows that applying a linearly 
increasing shear stress profile, starting with zero shear at the receding contact line, has 
the effect of increasing the maximum height, shortening the width of the droplet and 
increasing the advancing contact angle for a specified receding contact angle and 
volume. The right figure makes a prediction for the size (width and volume) of droplet 
that could be stopped for given advancing and receding contact angles and a prescribed 
constant shear stress. Indeed, larger shear stresses can stop smaller droplets. 
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h h 

x x 

Figure 7: Left panel: the blue and red line show the steady-state profile with and without 
(non-uniform) shear, respectively. Right panel: steady-state profiles for 
different uniform shear rates. 

6 Discussion 
We considered the use of an air jet to remove droplets from a wafer substrate. The air jet 
is a two dimensional air jet emerging from a slit and impinging on the substrate. The 
substrate is translating in its own plane. If the air jet is able to block the droplets, they 
can be removed from the substrate. We solved the impinging jet flow in absence of 
droplets. These flow conditions have been used as input to a highly simplified 'droplet'-
jet-model (2D, 1-way coupling, constant shear, low contact angles, fixed bottom plate). 
 
In principal, the approach can be extended to three-dimensional droplets. In this case, the 
equation for the droplet profile must in general be solved numerically. Moreover, the 
corresponding problem on a moving substrate can be formulated in the same way but 
requires an appropriate treatment of the moving contact lines (possibly using a Cox-
Voinov model or Tanner's law) to avoid the well known singularity at the receding 
contact line. 
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Abstract 
NXP aims to develop electronic circuits that can improve our everyday energy efficiency, 
connectivity, and security. One of the challenges the company is facing is Electrostatic 
discharge (ESD) as it damages integrated circuits (IC's). Devices for ESD protection 
should drain charge in a very short time (~10 ns), to prevent high voltages to build up 
over the sensitive IC's. Additionally, these devices should have low capacitances to 
prevent high frequency signals to leak to ground. These requirements make it 
challenging to produce protective devices for high frequency IC's. In this report, we 
present the results of a brainstorm session on this problem which was organized for the 
'Physics with Industry' workshop. We found three types of devices which could possibly 
be used to protect high frequency IC's, namely field emission devices, spark gaps 
devices, and electrostatic switches. With the help of strongly simplified models we have 
approximated the performance of these devices. 

Company profile 
NXP Semiconductors is a company of 27,000 employees. Its headquarter is in Eindhoven 
and it has R&D and manufacturing facilities in 25 countries. NXP's solutions drive 
innovations in the fields of RF, analog, power management, interface, security and 
digital processing electronics. Key application areas of these products are in automotive, 
secure identification, satellite TV, computing, mobile, lighting, industrial electronics, 
healthcare and wireless infrastructure. It is NXP's aim to develop electronic circuits that 
improve the energy efficiency, connectivity and security of future products. 
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Problem description 
ESD is an event where a high voltage is suddenly supplied to the electrical circuit. The 
ESD voltage typically ranges from 100 V to ~10000 V while a chip typically breaks at 
already 7 V. This means that a small ESD shock is enough to induce damage. In order to 
prevent damage to high frequency IC's, NXP is looking for a solution. Normally, this is 
done by placing an ESD protection device in parallel to the IC. For voltages higher than 
the trigger voltages, the resistance of the protection devices decreases significantly. As a 
result, the voltage over the IC is limited and the (ESD) charge will flow through the 
protection device instead of the IC. 

 

Fig. 1. Placement of ESD device in a circuit. 
In theory, IC's can be protected from ESD by capacitors or inductors, see Figure 2. 
However, a capacitor can not be used for high frequency (RF) IC's, as capacitors will 
short the RF signal to ground. Inductors, on the other hand, block low frequency 
components of the RF signal while dissipating ESD power only gradually. Moreover, 
inductors have considerable large sizes. Hence, inductors or capacitors will not be able to 
solve the ESD issue. 
 
In practice, devices such as diodes or grounded gate MOSFETs are being used. These 
devices have a low resistance when the voltage exceeds the trigger voltage (on-voltage) 
thereby draining the charges to the ground. However, these devices typically have large 
capacitances and parasitic currents and can therefore not be used for high frequency 
applications. 
 
We present three possible solutions for high frequency applications, namely field 
emission devices, spark gaps and electrostatic switches. In field emission devices, two 
electrodes are separated by a gas or vacuum gap of the order of 5-5000 nm. When the 
voltage between the electrodes exceeds a certain limit, field emission will start and 
charge can easily flow to ground. Also, high electric fields may create an arc between the 
electrodes, especially when thermal emission starts to play a role. The gas between the 
electrodes gets ionized, creating an additional conductance path for the electrons (spark 
gaps). A third alternate for ESD protection is an electrostatic switch (ESS). This is a 
mechanical switch which closes when there is an excess of charge (from the ESD event). 
When closed, the excess charge flows directly to ground. In contrast, when the amount of 
charge is below a certain limit, the circuit is open and no charge can flow. The possible 
solutions for ESD protection are based on the NXP's IC requirements shown in table 1. 
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Fig. 2. ESD protection for RF applications (a) using conductor, (b) using inductor 
Table 1. Requirement for ESD protection devices 

Current 12 A 
Operational time < 10 ns 

Voff < 3 V 
Vtrigger >7 V or 100 V 

Capacitance < 200fF 
Area < 1 mm 

Reliability 1000 cycles 

1. Field emission from a flat electrode 
1.1. Introduction 
By definition an ESD protection device should have a very high resistance (>100 kOhm) 
below the trigger voltage and should have a low resistance (~10 Ohm) at voltages above 
the trigger voltage. The current that runs between two electrodes (Fig. 1.1) at high 
electric field strength, so-called field emission, fulfills this requirement because the 
current density exponentially depends on voltage. In the case of an ESD protection 
device with a low trigger voltage (7V), a nanometer-sized gap between the electrodes 
will lead to the high field strengths that are required. Since field emission current does in 
principle not change the structural properties of the device, it allows the device to be 
used for multiple ESD events. In this section we explore design parameters of an ESD 
protection device which uses field emission as the basic principle. 
 

 

Fig. 1.1. Field emission geometry. A current flows through the vacuum between two 
electrodes. 

1.1.1. Tip-enhanced field emission? 
Since field emission is related to electric field strength, it is one of the design goals to 
make the electric field sufficiently strong. It is well known that the electric field between 
two electrodes can be enhanced by shaping the electrodes into a sharp tip. At the tip, a 
typical electric field enhancement will be on the order of 10 times, giving also a 10 times 
current enhancement. As we will see later, realistic current densities that are obtained for 
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field emission will cause heating of the device. Heating will therefore be a major issue for 
field emission-based ESD protection using tips, since high current flows through a small 
volume. Also, despite the 10 times enhancement, a large number of tips will be required 
to reach the total required current, which puts strong demands on fabrication. For this 
reasons it seems that a flat electrode geometry is more promising for a reusable ESD 
device. 

1.1.2. A flat electrode 
In order to reach sufficiently high currents in the device (above the trigger voltage), a 
very small gap size is required. However, a device having two flat electrodes with a 
small gap size will have a substantial capacitance. Thus, it is evident that the electrodes 
cannot be too large as high capacitances are problematic for high frequency applications. 
 
In this section, we will study how the gap size influences the field emission current (12 A 
is required) and the capacitance (maximum 200 fF). Finally, we will see how this 
translates to the size of the electrodes and the possible consequences for heating. 

1.2. Results 

1.2.1. Field emission current density 
The field emission current density at electric field strength F is given by [1, 2]  
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.Figure 1.2 shows that for a fixed 

gap size, the current grows exponentially as a function of voltage over the electrodes. In 
fact, for realistic gap sizes, the ratio between the current flowing at low voltage (3V) and 
the current flowing at high voltage (7V or higher) is always large (>108). This exceeds the 
design specifications and is therefore not a reason for concern. 
 

 

Fig. 1.2. Field emission current density as function of voltage over the electrodes for a 
50 nm gap between the electrodes 

For a given gap size, we can now determine the electrode area which is needed to 
conduct the current of 12 A. The question is whether the required electrode is small 
enough (<1 mm2) with a sufficiently low capacitance (<200 fF). Both the size and 
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capacitance depend on the gap size. As turns out, the capacity is the more important 
parameter than device size. We will investigate the influence of the gap size on the 
capacity. Here, we assume that a large gap size is desirable in terms of fabrication. 

1.2.2. Capacitance 
Increasing the gap size has two competing effects (see Fig. 1.3). Firstly, a larger gap size 
will decrease the capacitance of the two parallel plates. Secondly, a larger gap size leads 
to a lower field emission current, which requires a larger area electrode, which causes a 
higher capacitance. It turns out that the second effect is stronger, due to the strong 
nonlinear dependence of field emission current on gap size. Figure 1.4 shows the 
resulting capacitance as function of gap size for an on-voltage of 100V. At a gap size of 
60 nm, the capacity reaches the 200 fF capacitance limit. We found that the 
corresponding electrode size is 40μm, indeed much smaller than required. 

 

Fig. 1.3  Field emission electrodes as a capacitor 
For each desired trigger voltage, we are now able to calculate the maximum gap size and 
electrode size. Figure 1.5 shows the results from this exercise. As is clear from the graph, 
the gap size needs to be small. For realistic trigger voltages (7V - 100V) the gap size never 
exceeds 100 nm. For a trigger voltage of 7V the gap size might be too small (<4 nm) for 
fabrication, but for higher trigger voltages it will probably be realistic to fabricate such a 
device. The corresponding electrode sizes are below the maximum allowed size (1 mm). 
Also, it seems that it will not be a problem to fabricate an electrode with this lateral 
extent. Alternatively it is possible to fabricate a parallel array of electrodes that contains 
the area as calculated (size2). 

 

Fig. 1.4. Capacitance as function of gap size for field electrodes designed for 100V. 
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Figure 1.5. Maximum electrode and gap size as function of on-voltage. 

1.2.3. Heating 
As a result of the high current (12 A) which flows through the device during a short time 
(10 ns), the energy of the field emission electrons (7 eV or higher) will be dissipated in 
the anode. This energy is 10 ns times 12 A times 7V = 0.8 μJ or higher. Modeling of the 
temperature rise of the anode as a result of this energy dissipation is not trivial and 
should take into account the time-dependent current, heat conduction and heat capacity 
and breakdown temperatures of the materials involved. A full calculation is outside the 
scope of this work, but a quick estimate can be made. We assume that the energy will be 
deposited in a 200 nm thick layer on one electrode and that the electrode material is gold. 
As a result of the previous maximization of gap size, the electrode area was also 
maximized. This is beneficial for a low temperature rise. The energy dissipation scales 
linearly with the trigger voltage, and so does the area of the electrodes. As a result, the 
expected temperature rise should be independent of the trigger voltage. From this 
calculation, we find that the temperature will increase several thousands of degrees for 
the given energy dissipation. This temperature increase is clearly higher than any 
electrode material can realistically withstand. Hence, Joule heating should be taken into 
account when designing such devices. 

1.3. Conclusions 
The very high ON/OFF ratio of > 108 illustrates the strength of field emission as the basic 
principle of an ESD protection device. The field emission current lowers the resistance of 
the device significantly (above the trigger voltage) without exceeding the capacitance 
limits. However, considering the given current and time duration of the ESD, Joule 
heating could be a problem for a realistic ESD protection device. There are cases in which 
the temperature rise is lower, for example when the current through the device is lower. 
Also, designs in which a few parallel electrodes are used instead of one might possibly 
suffer less from heating. It is therefore possible that in a few specific applications, ESD 
protection can be based on field emission. Also, in the case of high voltages and quick 
heating we inevitably reach plasma formation, arc discharge and a change in the 
structural properties of the device. The topic of arc discharge will be treated further in 
the next section. 
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2. Arc Discharge 
Instead of using the field emission current alone as an ESD protection mechanism, it may 
be used to ignite an arc discharge. 
 
Generating an arc requires a current flow through the electrodes. In most cases this pre-
arc-current is originated by the charged particles created by a plasma between the 
electrodes. This current heats up the electrodes which leads to thermal emission of 
electrons from the metal. The current density  of the thermal emission can be 
characterized by the Richardson-Dushman-Equation [3], 

thermj
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with material specific factor , temperature of the metal gA T , work function of the metal 

,and  and  are the elementary charge and Boltzmann constant, respectively. Φ e bk
 

 

Figure 2.1. Typical I-V-Characteristic of a gaseous Plasma Discharge from [4]. 
If the thermal emission current is high enough, an arc between the two electrodes will be 
formed. This results in a large drop in the resistance which further increases the current. 
This behavior is desired for the ESD-protection. Figure 2.1 shows a current-votlage (I-V) 
characteristic of a typical gas discharge. 
 
However, one drawback is that arcs considerably heat up the electrodes which may 
cause evaporation of the electrodes. Clearly, this destructs the electrodes. 
 
To verify if an arc discharge is a useful mechanism to protect IC's, it has to be examined 
whether arcs can be triggered at voltages as low as 7V, as this is one of the requirements 
for the ESD protection. 
 
The ignition and sustainability of a typical gaseous plasma depends, among other things, 
of the probability of having enough free electrons with a sufficient kinetic energy to 
ionize enough atoms in between the two electrodes. For a DC-discharge between two 
planar electrodes the Paschen curve describes the voltage breakdown  as a function of 
the product of pressure  and the distance of the gap : 
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In Figure 2.2, an example of a Paschen curve (black solid curve), as well as other curves 
which will be explained further below, is plotted for atmospheric pressure in air. One 
can see that it has a minimum breakdown voltage which is typically above 100V. 
Actually, this will depend on the gas and electrode material (not shown in the graph). 
Also, we note that the traditional Paschen curve does not include the current due to field 
emission. 
 

 

Figure 2.2. Traditional and modified Paschen curve and field emission curve from [5]. 
If, by constant pressure, the gap size is lower than approximately 5 μm the field emission 
current increases due to local high electric fields caused by the surface roughness. If 
positive ions reach this surface the potential barrier decreases and gets thinner which 
increases the current even more. This effect, called ion enhanced field emission, 
decreases the breakdown voltage to values below the minimum. Go and Pohlmann [5] 
proposed a modified Paschen curve which takes the ion enhanced field emission into 
account (blue curve in Figure 2.2). 
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work function of the electrodes, and β  is the field multiplication factor due to surface 
geometry [6]. 
 
This formula is valid for gap sizes higher than 2μm. By making a few crude 
approximations one can derive an analytical form of this formula which is valid around 
2 to 5 μm, depending on gas and materials (red curve in Figure 2.2). 
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Using this approximation one can estimate the voltage breakdown at the lower limit of 
this formula. By using the A and B values for air, K = 107, 50=β , the breakdown 
voltage for a gap size of 2μm and different work functions is 1 

( ) VmdeVV airb 492,2, ≈==Φ μ   (2.5) 

( ) VmdeVV airb 1842,5, ≈==Φ μ   (2.6) 
 
Looking at the results it seems that in this range it is possible to get a discharge at values 
of around 50V or higher, but not at 10V. To get even lower one has to increase either β  
and/or decrease the gap size even further. 
 
With a mean free path of an electron in air of ~400nm a gap space smaller than 3 μm will 
be too small to generate enough ions for an ion-enhanced electric field current. So only 
pure field emission, without ions changing the form of the potential barrier, has to be 
taken into account, which makes the formula above useless in the desired range. But 
calculations in this region of interest are net yet done, to the best of our knowledge. If 
one goes even further with gap size (around ~20 nm), tunneling of electrons between the 
electrodes has also to be included. 
 
Also various experiments were done in the sub-micrometer range in air at atmospheric 
pressure. But not, as far known, for gap sizes below 0.1 μm, and voltages below 40V ([5] 
and [7]). 
 
To get a definite answer if and how a controlled arc discharge is possible more research 
has to be done on this topic.  
Other things which have to be validated is on the one hand the reaction time between the 
ESD event and the ignition of the arc, which has to be lower than 10ns. On the other 
hand, the status of the electrodes after the arcing event has to be investigated as an arc 
most likely damages the electrodes. 

2.1. Field emission to thermal emission transfer model 
The field emission rate from the cathode is determined by the maximal electric field due 
to either the roughness or the needle-like shape of electrode. Field emission alone is not 
strong enough to create a plasma channel in the very short gap (~μm ) to help the charge 
transfer. However, if the emission is strong enough, the induced current may lead an 
increasing temperature at emission point, which melts and evaporates the electrode to 
create a thermal plasma and results in an arc breakdown. The field emission to arc 
transition process has been studied by Dyke et al. [8,9], and the arc discharge by 
evaporating the electrode has been studied by Kieft et al. [10]. The arc breakdown in 
small gaps (down to 2.5 μm) has been studied in reference [7], in which clear erosion 
marks on the cathode have been observed. 
 
The transition from the field emission to the arc breakdown is very complex, and a 
complete model needs to cover different processes such as the evaporation, mass 
transfer, particle sputtering and depositions to include sufficient physics. Here, we 
present a simplified model for the simulation of the transition process with a small gap 
distance. Instead of including all the related physical process, the model focuses on the 
                                                      
1 It has to be noted that in this calculations K was held constant, which is not realistic 

since this value changes if Φ or β changes [5]. 
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temperature changing due to the induced current by the field emission and/or the 
thermal emission. 

2.1.1. Model description 
The model considers a needle-plane electrode setup with a distance d (100nm  d  1 
μm), and a voltage -V = -10 Volt applied on the needle. The length of the needle L is 
chosen as 0.1 μm and the radius of the tip r is set as 30 nm. Note that the simulation is 
also valid for the radius of the needle tip larger than 30 nm; the 30 nm can be interpreted 
as the characterized length of the roughness at the needle tip. The curvature of the 
needle creates an enhanced field at the tip, which is assume to be 5 times of the 
homogeneous field between two planar electrode with potential different V, i.e., Emax= 5 
V/d. The strong field allows electrons tunneling away from the electrode and leads to a 
field emission, which generates an electron current along the needle. The field emission 
current density  is calculated with Eq. 1.1 with E= Emax and work function 

≤ ≤

feJ
eV33.4=φ . The heat power at the needle tip is given by 

),(2 TRIP =    (2.7) 
In which P is the power, I is the current, and ( )[ ]1)( 00 +−= TTRTR α  is the resistance at 

the needle tip where 0045.0=α , , and . The 
diffusion of the heat is assumed to be linear to the temperature at the needle tip. If the 
current is strong enough, the heat accumulation becomes stronger than the heat 
diffusion, then the temperature starts to increase, and thermal emission starts. The 
thermal emission current density is calculated with equation 2.1, in which , 

and . Note that both the thermal emission and the resistance of the 
electrode are functions of the temperature. The thermal emission current and heating 
increases as the temperature increases. 
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2.1.2. Simulation results 

 
(a) d=1000 nm     (b) d =330 nm 

 

 
   (c) d=300 nm     (d) d=280 nm 

Fig. 2.3. Shown are the temperature at the tip (solid lines) and the thermal emission 
current density (marked with '*') as a function of the time for gaps with 4 
different sizes. The studied gap distances range from 280 (lower-right) to 1000 
(upper-left) nm. 

In Figure 2.3, we present the temperature at the tip (solid line) and the thermal emission 
current density (marked with '*') as a function of time. The simulation starts from the 
needle electrode at the room temperature. Four different gap sizes have been studied 
with the model. When the gap distance is large d=1000 nm (upper-left), the field 
emission is not sufficient to accumulate the heating at the needle tip, therefore the 
temperature is keep as room temperature and no thermal emission occurs. When the gap 
distance is small d=280 nm (lower-right), the resistive heating is sufficient and the 
thermal emission current density increase exponentially within about 15 ns. Between 280 
nm and 1000 nm, we show two situations: in the gap of 300 nm, the temperature 
increases slower than 280 nm and the thermal emission happens later; in the gap of 330 
nm, the temperature first increases but reach an equilibrium later between the heating 
and heat diffusion, and the temperature is stabilized above the room temperature. 

2.1.3. Conclusion and discussion for spark gaps 
The resistive heating is sufficient to melt and evaporate the needle electrode in the arc 
discharge. The setup therefore can not stand for many ESDs since the electrode setup 
changes during every ESD. We therefore recommend designing an array of needle 
electrodes, while the material of those electrodes is chosen such that they will be 
evaporated for each arc discharge. The electrons are always seeking the most field 
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enhance region to tunneling away, therefore even with the same shape, the surface 
roughness of the needles can determines which one evaporates first. 
 
An alternative of this solution will be the discharge in liquid. The avalanche of the 
electrons which happens in the first stage of the normal gas discharge can not happen 
with the small size of the air gap studied in this paper. However, it can occur in a gap 
with the same dimensions but now filled with a liquid. The density of liquid is typically 
3 orders of magnitude larger than the density of air, resulting a 1000 times smaller mean 
free path length llmf [11]. If the voltage is high enough (  100 Volt), the avalanche of 
electrons results in a exponential growth of the charge carriers. However, for low trigger 
voltages ( 10 Volt), the discharge can not occur, even not in the liquid. 

≥

≤

3. Electrostatic Switch 
3.1. Introduction 
ESD protection devices are supposed to limit the voltage applied to IC's at the safe level 
of 7V (or 100 V for less critical devices). The devices that are currently used successfully 
deal with this problem but have rather large size and/or parasitic capacitance. Hence, 
these devices can not be used for RF applications. To deal with this problem for RF 
circuits, nano-lightning rods where proposed. However, since the amount of energy 
which has to pass through the protective device in a short time is comparatively large, it 
is quite challenging to prevent a destruction of the protection device. An alternative 
solution we investigated is to use a fast mechanical switch. The switch closes the contact 
at the trigger voltage, forming a reliable drain for the charge of the ESD event. 
 

 

Fig. 3.1. Electro-static switch 

3.1.1. Geometry of the protection device 
We choose gold as a contact material to ensure a proper contact. One or both contacts are 
going to be attached to an elastic spring such that the switch remains open in the absence 
of applied voltage, despite the adhesion forces between the surfaces of the contacts. At 
first, we choose the parameters of the switch in such a way that electrostatic forces are 
sufficient to close the switch. Second, we add piezoelectric material to lower the critical 
voltage that is required to close the switch. Moreover, it is possible to increase twice the 
linear displacement of the piezoelectric material with the help of special design. 
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3.1.2. The model of the switch 
Without restricting generality, we assume that one of the contacts is fixed and the 
deformation of the spring is elastic. The rigidity coefficient is calculated for a silicon 
spring. In the quantitative model that describes dynamics of the switch under ESD, we 
do several approximations. First of all, we neglect the mass of the spring and 
approximate the surface adhesion forces by the Casimir force. The size of the gap 
between contacts of the open switch should be as small as possible for the fastest 
reaction, however, a realistic value could hardly be smaller than l = 10 nm. The gold 
contacts should not be too heavy, thus, we assume their thickness to be 10 nm. 
Numerical modeling shows that increasing the surface of the contacts in fact leads to a 
decrease of the switching voltage. Thus, we choose the area close to the largest allowed 
by the constraint of maximum 200 fF, to be S=1000 μm2, which yields the capacitance 
C0=88.5 fF. We do not expect significant field emission from such a small area, but a 
spark discharge might be possible. 
 

 

Fig. 3.2. Electro-static switch. 
Taking into account possible roughness of the surface of the contacts, we anticipate 
appearance of a strong contact force at the distance of less than 1nm between the 
contacts. To make our model more realistic, we allow inelastic collision between the 
contacts. Moreover, we assume that a good contact with Rc= 7 Ohms is already formed 
slightly before the collision at the distance xc=1.3 nm. Thus, effectively we have a circuit 
consisting of a human body model with L=5nH combined with the switch characterized 
by the capacitance C0=88.5 fF and resistance (Rc/Rd), which depends on the gap distance 
(switch closed/open). Now, by combining the Newton's second law  
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we obtain a system of tree ordinary nonlinear differential equations.  
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3.2. Results 
Numerical simulations confirm our initial guess that the contacts will perform an 
oscillatory motion with an applied voltage. Clearly, the switch closes only when 
sufficient voltage is applied. It takes certain time to close the switch due to inertia. When 
the contact is formed, the voltage on the contacts drops due to discharge and the switch 
stays closed only when the electrostatic force is sufficiently strong. Thus, eventually the 
switch becomes open and the voltage starts to build up again. Only after many such 
oscillations it is possible to discharge a substantial amount of the initial charge. 

3.2.1. Dynamics of the switch 

  

Fig. 3.3. Distance and voltage between the contacts of the electro-static switch. 
 

  

Fig. 3.4  Distance and voltage between the contacts of the electro-static switch with 
piezoelectric material. 

It is possible to decrease the peak and switching voltages by adding a piezoelectric 
material to the contacts. When the piezoelectric material was added, the peak voltage in 
the simulation drops to below half compared with the peak voltage when there was no 
piezoelectric material present. 

3.3. Conclusions 
The electro-static switch might be successfully applied to limit voltages exceeding 100V. 
However, precise control of parameters is required. For lower voltages, the electrostatic 
forces are insufficient to be able to close the switch. 
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4. Summary and outlook 
We have investigated two different solutions to protect high frequency IC's from 
ElectroStatic Discharges. The key issues for the protection circuit are that (i) it needs to 
be fast (responding to high currents within 10 ns), (ii) it should have a high resistance at 
low voltage (>100 kOhm below 3 V), and (iii) it should have a low resistance (<100 Ohm) 
at voltages above 7 V (or 100 V for less critical devices). 
 
Firstly, we have considered two capacitance plates, set in parallel to the protected IC. 
During an ESD event, the voltage builds up over the protection device and the IC. 
However when the voltage exceeds the trigger voltage, the resistance of the protection 
device drops. The charge will now flow through the protection device, thereby 
protecting the IC. 
 
The first device we considered uses field emission as the basic principle. For voltages 
much higher than the work function of the electrode metal, the tunnel current can be 
ascribed by Fowler Nordheim tunneling. This process is characterized by a fast 
increasing current with applied voltage, and is therefore a promising method for an ESD 
protection device. Indeed, our calculations show that such a device could, in principle, 
can be fabricated. For trigger voltages of 100 volt, the electrode plates need to be 
separated by ~50 nm and the electrodes are 20 μm in diameter. However for lower 
trigger voltages, the electrode spacing becomes too small for fabrication. 
 
In addition, what needs to be considered is the formation of plasma's between the 
electrodes. Actually, it is very well possible that the gas particles between the electrodes 
get ionized due to the high electric fields, especially when thermal emission starts to play 
a role. Calculations have shown that such a plasma can indeed appear for trigger 
voltages above 100 V. Interestingly, such a plasma creates an extra conductance path for 
the electrons, resulting in an even faster discharge for the ESD event. Also, it was argued 
that by filling the gap with a liquid (high density) results in a lowering of the trigger 
voltage. However, there are limits to the amount of power which can be dissipated. 
When considering needle shaped electrodes, heating is expected to cause melting of the 
electrodes. 
 
The other protection device we considered is a mechanical switch. As discussed before, 
an ESD event causes a large voltage drop over the two electrodes. This results in higher 
electrostatic forces between the two plates. Hence, when the electrodes are partly elastic, 
the electrostatic forces will decrease the electrode separation. The device can be designed 
such that the two electrodes even make contact at higher voltages. This shorts the 
electrical circuit, thereby protecting the IC. It was shown that such a device is successful 
for voltages higher than 100 V. For lower voltages (i.e. 7 V), the electrostatic forces were 
found to be insufficient for closing of the electrodes. 
 
It should be noted that extensive calculations on heating are still missing. Every ESD 
event results in a power dissipation of at least 1 μJ in a nanometer-sized area. This is 
expected to have dramatic consequences on the stability of the protection device. Also, 
we expect that the electric field will be strongly dependent on the exact shape of the 
electrodes (i.e. surface roughness). To conclude, more advanced modeling is needed to 
cover all the physics which are a result of the rather extreme electric fields and current 
densities. 
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Abstract:

NIZO food research is an independent contract research company that employees 200
workers which assist food and ingredient companies. One of the key objectives in food
research is the understanding under which conditions water-water emulsions are stable.
It is often desirable from an environmental point of view to replace organic solvents by
water. Also, the increased demand for low-fat food products leads to the question to what
extent water-water emulsions can replace water-oil emulsions. The NIZO research question
posed to the physics community is therefore to find surfactant-like molecules that sit at the
water-water interface. The surfactant-like molecules may then be tailored (1) to make sure
that there is a repulsion between emulsion droplets (by adding charge, etc) necessary for
stability, (2) to change the rigidness of the emulsion droplet’s surface. The formulation of a
theoretical framework to understand the properties of the water-water interface is therefore
our main goal.

1 Company Introduction

NIZO food research is an independent contract research company. About 200 employees
(Staff: 60 fte graduates, 75 fte others) assist food and ingredient companies to be more
profitable by developing and applying competitive technologies. NIZO works on the basis
of confidential projects with the international dairy, food & beverage, ingredients and
biotech industries. Key areas are:

• Innovation (flavour, texture, health),
• Cost reduction (process efficiency, ingredient replacement, test productions),
• Responsible entrepreneurship (food safety & quality, sustainable processing, evidence
based health claims).

Turn over revenue for 2009 was 20,000,000 Euro.
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Figure 1: Water-water emulsion, from a phase separated aqueous solution of 10% fish
gelatin (non-gelling), and 10% dextran (200 kDa). Red: gelatin-rich; green: dextran-rich.

2 Problem description

Interfaces between phases of coexisting thermodynamically incompatible aqueous solu-
tions are called water-water interfaces. Their most common occurrence is between phase
separated aqueous polymer solutions, such as solutions containing polysaccharides and
proteins. The water-water interface in that case is found between the co-existing protein-
rich and polysaccharide-rich solution. An important difference from interfaces between
phase separated polymer blends (polymer mixtures without solvent), arises from the accu-
mulation of solvent at the interface. This accumulation of solvent at the interface lowers
the interfacial tension. The interfacial tension of water-water interfaces is extremely low
(typically a few µN/m or less). These interfaces are therefore highly deformable and diffi-
cult to investigate by classical methods (e.g the Wilhelmy plate method). Water, salt and,
in the case of polydisperse polymers, low molar mass fractions of the polymers can freely
diffuse across the interface.

From a scientific point of view, water-water interfaces, as well as solvent-solvent in-
terfaces in general, are interesting because of their extremely low interfacial tension and
because of the fact that the interfacial width may be able to respond to curvature by ex-
pelling or absorbing water. The sensitivity of the interfacial profile to the presence of a wall
(through wetting) or curvature may explain the peculiar observation of the co-existence of
curvature in water-water emulsions. Examples are the long-time stability of a broad size
distribution of droplets in density-matched water-water emulsions (Fig. 1), and the rela-
tively complicated, apparently stable shape of water-water emulsion droplets squeezed in
a confined geometry (Fig. 2). The particular case of an aqueous solvent has the extra dimen-
sion of (partial) permeability for salts and the subsequent possibility of Donnan potentials
across the interface. The partial permeability makes water-water interfaces comparable to
semi-permeable dialysis membranes.

The industrial relevance of a deep understanding of water-water interfaces arises from
the close link with structuring and functionalizing high-water systems. High water systems
have favorable properties, such as a low environmental impact and a low caloric value.
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Figure 2: Droplet of dextran-rich phase surrounded by gelatine-rich phase in a capillary
tube. The gelatin-rich phase wets the wall of the capillary tube.

Relevance to industry

The interface between two aqueous polymer solutions is interesting from both a scientific as
well as a practical point of view. The tendency towards environmentally friendly industrial
processes in which water takes the place of organic solvent is increasing their occurrence
in practical systems. The demand for low fat processed food makes more urgent the
question to what extent a water-water interface can be given the same properties as oil-
water interfaces. A third area in which the feasibility of the application of water-water
interfaces is emerging is in systems for controlled release of pharmaceuticals in the human
body. The key question with respect to applications of water-water interfaces in food
systems is therefore: how can the water-water interface be controlled and tailored in order
to give it the properties desirable in food systems. Examples of these properties are stability,
preferential curvature and permeability to specific compounds. The basic mechanisms
might be borrowed from cell walls in living systems. Ideally, design rules would become
available for polymers, co-polymers or particles which have a favourable free energy when
located at the water-water interface. Their presence may reduce the interfacial tension even
further, but more importantly, they may stabilize the interface by imparting an interfacial
rigidity or a preferential curvature [1]. All these effects would slow down coalescence
in a water-water emulsions and bring fully water-based systems with useful sensory and
shelf-life properties closer to practical application.

Problem solving strategy

We have formulated three sub-topics that are worked out in the next sections:

• Extending the Broseta model to asymmetric polymer mixtures,
• Designing surfactant-like molecules that adsorb at the water-water interface,
• Shape of droplets in a capillary (see Fig. 2).

3 Extending the Broseta model to asymmetric polymer mixtures

In this sub-topic, we investigate the theoretical framework by Broseta et al. [2, 3, 4] for
a mixture of two polymers in solution. In their case, the two polymers are chosen to be
identical in size and composition but mutually repellent. This leads to a phase separation
between two phases, one rich in polymer of type A and the other rich in polymer of type B;
see Fig. 3. The Figure shows that because of the symmetry of the model, the composition
through the interface is symmetric and there is no preferential curvature toward either
phase. Our goal is to extend the theoretical framework by Broseta et al. [2] in which the
symmetry is broken and map out the consequences for the direction of the preferential
curvature.
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Figure 3: Typical monomer concentration profiles as a function of the height z (in nm) in the
interfacial region between a polymer A-rich phase on the right and a polymer B-rich phase
on the left. ctot=cA + cB is the total monomer concentration and shows a clear depletion in
the interfacial region of about 20 nm wide.

First, we sketch the physical background of the free energy used by Broseta et al. [2].
This should provide us with insight in possible routes to extend their model. The derivation
of Broseta et al. [2] starts with the Flory Huggins model [5] for an isotropic polymer melt
consisting of two polymer types of equal length N. We denote the volume fractions of type
A and type B as φA=φ and φB=1 − φ. Then,

FFH(φ)
V kBT

=
1
a3

[
φ

N
ln(φ) +

(1 − φ)
N

ln(1 − φ) + χφ (1 − φ) + K
]
. (1)

where a is the dimension of the lattice. The usual Flory parameterχ stands for the interaction
between the two polymer types, and K = 0.024 is a constant [3] related to the osmotic
pressure.

The Flory-Huggins model is used by Broseta et al. [2] for a mixture of two polymers
in solution well above the overlap concentration (semi-dilute solution). In that situation
the blob model can be used to describe the solution [6]. We consider the whole volume
consisting of ‘blobs’ of dimension ξ (the correlation length) with each ‘blob’ either contain-
ing polymer of type A or type B; see Fig. 4a. The free energy is then of the Flory-Huggins
type with a replaced by ξ and the polymer length N replaced by the number of blobs,
Nb=N/(c ξ3):

Fblob(φ, c)
V kBT

=
1
ξ3

[
φ

Nb
ln(φ) +

(1 − φ)
Nb

ln(1 − φ) + uφ (1 − φ) + K
]
. (2)

where u now describes the interaction between blobs of type A and B. It is essential to
keep in mind that both the correlation length ξ=ξ(c) and u=u(c) will depend on the total
monomer concentration c [6]:

ξ(c) = ξ̄
(c
c̄

)−3/4
and u(c) = ū

(c
c̄

)0.275
, (3)

where the bar denotes the respective value at a reference concentration c= c̄, for which we
shall take the bulk concentration.
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Figure 4: Sketch of the blob-model by de Gennes [6] for a polymer solution containing two
types of polymers. Left: symmetric case, where the correlation length ξ is the same for for
both polymer species. Right: asymmetric case, where the correlation lengths ξA and ξB are
different.

Broseta et al. [2] now use the above blob free energy model for an isotropic polymer
mixture to describe the interfacial region between the demixed polymer phases. This is
achieved by allowing φ(z) and c(z) to be height dependent and by adding squared gradient
terms to the free energy:

F[φ(z), c(z)]
A kBT

=

∞∫
−∞

dz
[
φ

Nb ξ3 ln(φ) +
(1 − φ)
Nb ξ3 ln(1 − φ) +

u
ξ3 φ (1 − φ)

+
K
ξ3 +

φ′(z)2

24 ξφ
+

φ′(z)2

24 ξ (1 − φ)
+

c′(z)2

24 ξ c2

]
. (4)

The two squared gradient terms involving φA=φ and φB=1 − φ can be combined, but we
have left them as is, so that we can easily generalize to the non-symmetric case. In that case
we allow ξA and ξB to differ; see Fig. 4b. This leads to the following expression for the free
energy

F[φ(z), c(z)]
A kBT

=

∞∫
−∞

dz

 φ

Nb,A ξ
3
A

ln(φ) +
(1 − φ)

Nb,B ξ
3
B

ln(1 − φ) +
u
ξ3

eff

φ (1 − φ)

+
K
ξ3

eff

+
φ′(z)2

24 ξA φ
+

φ′(z)2

24 ξB (1 − φ)
+

c′(z)2

24 ξeff c2

 , (5)

where we have defined an effective correlation length as

1
ξ3

eff

=
1
2

 1
ξ3

A

+
1
ξ3

B

 . (6)

The free energy in Eq.(5) is the main result of this section. It can now be used to calculate
concentration profiles and curvature parameters such as the preferential curvature and the
surface rigidity. This needs to be carried out in future work. Here, we limit ourselves to
the determination of the phase diagram as a function of the asymmetry ratio, r = ξ3

A/ξ
3
B.

Fig. 5 shows the result. On the left the experimental phase diagram is shown for the
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Figure 5: Polymer mixture phase diagrams. Left: experimental phase diagram of the
gelatine/dextran mixture for different temperatures. Right: Calculated phase diagram for
several asymmetry ratios, r=ξ3

A/ξ
3
B = 1, 8, and 125.

gelatine/dextran mixture for a number of different temperatures, whereas on the right the
calculated phase diagram is shown using the expression for the free energy in Eq.(5). The
x-axis shows the volume fraction of the A-rich phase, φA (the volume fraction of the B-rich
phase necessarily equals φB=1 − φA) and the y-axis is the reduced parameter ω= N̄b ū [2].
The shift in the location of the critical point towards lowerω signifies the fact that it is easier
to obtain phase separation when the two polymers differ in size. One further observes that
the volume fraction of the polymer A-rich phase, having the larger blob size, decreases
significantly.

4 Designing surfactant-like molecules that adsorb at the water-
water interface

We consider a water-water emulsion with a polymer A-rich phase and a polymer B-rich
phase. The interfacial profile between the two phases can be described by the modified
Broseta model [2] as depicted in Fig. 3.

Since we aim to stabilize the emulsion by adding surfactant-like polymers to the in-
terface, we investigate the affinity of a single polymer molecule near the interface by
calculating its free energy as a function of the distance z to the interface. To this end, we
model the polymer as a flexible Gaussian chain with N Kuhn segments of length b and sum
the energies of all the segments given the position of the center of mass of the polymer zCM.
The energy of a single segment at a distance z to the interface, is estimated as:

Esegm(z) = kBT
[
εSA φA(z) + εSB φB(z) + εSW

(
1 − φA(z) − φB(z)

)]
+ const (7)

= kBT
[
(εSA − εSW)φA(z) + (εSB − εSW)φB(z)

]
+ const , (8)

where the polymer volume fraction φα is defined as:

φα = ρα Nα b3 , (9)

with ρα the number density of polymers of type α and Nα their length. Note that b is the
length of a Kuhn segment of the surfactant molecule. The dimensionless affinities εSA,
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Figure 6: The red curve represents the energy per segment of a surfactant molecule as a
function of its distance to the interface at z=0, for φ∞A =φ

∞

B = 0.8. The blue curve represents
the probability to find a surfactant molecule at a distance z from the interface. The cyan
curve represents the segment density profile of a surfactant molecule located at its favourite
position. Left: N= 20, right: N= 200.

εSB and εSW represent the interaction energies of the surfactant-like molecule with respect
to polymer A, polymer B and water, respectively. In this simple picture of a surfactant
molecule, the energy of a single segment depends linearly on the number density of the
polymers in both phases: Esegm(z)= kBT

[
cA ρA(z) + cB ρB(z)

]
+ const where the coefficients

cα= (εSα − εSW) Nαb3 combines several characteristics of the system. Hence an asymmetry
of the problem can be introduced via ρα or cα. Here, we use the density profile to introduce
asymmetry in the problem and keep cA=cB. The energy of the surfactant molecule itself is
given by:

E(zCM) =

∞∫
−∞

dz n(z; zCM) Esegm(z) , (10)

where n(z; zCM)dz is the number of segments between z and z + dz inside the surfactant
polymer:

n(z; zCM) =
N(

2πR2
0

)1/2
exp

− (z − zCM)2

2R2
0

 , (11)

where R0=
√

b2N/3. Combining these last two equations yields:

E(zCM) =

√
3N

2πb2

∞∫
−∞

dz exp
(
−

3 (z − zCM)2

2b2N

)
. (12)

The corresponding probability to find a surfactant molecule a distance zCM from the inter-
face, is given by the Boltzmann factor:

P(zCM) = P0 exp(
−E(zCM)

kBT
) . (13)

To obtain generic results from this model, we approximate the density profiles of the
polymer A-rich and polymer B-rich phase by:

φA(z) =
φ∞A
2

(
1 + tanh

(
z − zdl/4

zth

))
, (14)

- 37 -



Proceedings Physics with Industry 2010

Figure 7: The same as in Fig. 6 but now for the asymmetric case: φ∞A = 0.8, φ∞B = 0.7. Again,
left: N = 20, right: N = 200.

and

φB(z) =
φ∞B
2

(
1 − tanh

(
z + zdl/4

zth

))
, (15)

where zdl = 8 nm represents the width of the depletion layer between the two phases and
zth = 10 nm the thickness of the interface between the two phases. The segment length of
the surfactant is set to b = 1.5 nm and both affinity differences are set to: (εSA − εSW) =
(εSA − εSW) = 1 (in units of kBT). First we consider the symmetric case with φ∞A = φ

∞

B = 0.8.
In Fig. 6, the energy E/NkBT per segment of a surfactant molecule has been plotted versus its
distance from the interface for a surfactant length of N = 20 (left) and N = 200 (right). Also,
the corresponding probability to find the surfactant-like molecule at a distance z from the
interface has been plotted. For reference, also the segment density profile of the surfactant
molecule in its most favourable position has been plotted. For N = 20 all segments fit in
the depletion zone and the energy gain is considerably: 0.14 kBT. For N = 200, however,
the segment distribution is much wider, not all the segments fit in the depletion zone and
due to that the energy gain per segment is lower: 0.08 kBT. The center of mass distribution
is still a bit sharper because the total energy gain for N = 200 is still larger.

In Fig. 7 the results are given for the asymmetric case φ∞A = 0.8, φ∞B = 0.7. The same
effects are visible as in the symmetric case in Fig. 6. Moreover, due to the difference in bulk
concentration of polymer A and polymer B, the most favourable position of the surfactant
shifts towards the polymer B-rich phase, because the segments try to avoid the polymer
A-rich phase due to its lower water content. This shift increases with increasing surfactant
length as one can conclude from a comparison of the left and the right graph.

To investigate the influence of the surfactant length on its affinity for the interface in more
detail, we calculated E(z=∞)−Emin, which reflects the energy gain of a surfactant molecule
at the interface with respect to the polymer A-rich phase, and E(z = −∞) − Emin, which
reflects the gain with respect to the polymer B-rich phase, as a function of the surfactant
length N. The results have been plotted in Fig. 8. For φ∞A =φ

∞

B both energy gains are equal
(left) but when φ∞A > φ∞B there is a considerable difference for long surfactant molecules
(right). This is caused by the tendency to avoid the polymer A-rich phase, which implies
for large molecules that they are strongly pushed away from the interface and hardly feel
the depletion zone anymore.
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Figure 8: Energy gain per segment E/NkBT at the interface with respect to the bulk phases
as a function of the number of segments N. Left: φ∞A = φ

∞

B = 0.8, right: φ∞A = 0.8, φB∞ =
0.7. The energy gain with respect to the polymer A-rich phase is given in red, the gain with
respect to the polymer B-rich phase in blue, the gray curve represents the average of the
blue and red curves.

4.1 Electrostatic energy of partially charged surfactant polymers

Let us consider a surfactant polymer with NG chargeable groups. The surfactant can either
be in one of the polymer-rich bulk phases, where it is surrounded by all other polymers, or
in the interfacial region, where the density of polymer is lower. The surfactant interacts with
other polymers, which can be described by defining interaction energies for each available
polymer species. This interaction, however, is not considered here. The aim is to find a
relation to describe the difference in the surfactant’s electrostatic (self-)energy between the
bulk phase and the interface due to slight changes in electrolyte properties.

Self-Energy

If we assume that the charged monomers on a surfactant polymer chain can effectively
be described by charged spheres with radius a, the electrostatic self-energy of the entire
polymer chain follows from DLVO-theory [7],

Uself(r) =
λb(r)

1 + κa
, (16)

where λb(r) = βe2/ε(r) is the Bjerrum length which will depend on the local value of the
dielectric constant ε(r), β= 1/kBT is the inverse temperature, and κ is the Debye screening
parameter. Now, a rough estimate on the radius of a charged monomer and the screening
parameter tells us that κa � 1, so that we can safely ignore this term in the remaining
calculations. The difference in water concentration between the polymer-rich phase and
the interface is about 2%, which is small. Nevertheless, this may still have some influence
on the electrostatic self-energy of the polymer since a changing water concentration will
affect the local value of the dielectric constant. As a very rough estimate, we assume that
the dielectric constant decreases linearly from εw'80 for pure water to approximately ε'0
for pure polymers,

ε(r) = εw η(r), (17)

where η(r) is the local water volume fraction. This variation in the dielectric constant has
immediate consequences for the Bjerrum length, therefore a small difference ∆η (which is
typically around 2%) in the water volume fraction between the polymer-rich bulk phase
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and the interface will lead to

λb,interface = λb,bulk (1 − ∆η). (18)

One may shift the self-energy such that it vanishes in the bulk (since this does not affect the
properties of the system) and rewrite it as

βUself =


0 in the bulk ,

−NG
λb,bulk∆η

2a
in the interface .

(19)

The increase in water concentration leads to an increased tendency of the polymers to move
to the interfacial region. As presently shown, the amount of polymer that actually moves
to the interface is bounded by the electrostatic repulsion between the polymers.

Interaction Energy

The electrostatic interaction energy of the charged monomers in the interface volume is
described by a very basic Donnan-equilibrium model. From Boltzmann theory we know
that the local density of positive and negative ions is described by [7]

ρ+(r) = ρs e−βeψ(r) , (20)
ρ−(r) = ρs e+βeψ(r) , (21)

where ψ(r) is the local electrostatic potential, e the elementary charge and ρs is the density
of added salt ions to the system. The net local density of ion charges therefore becomes

ρion(r) = eρ+(r) − eρ−(r) = −2ρs sinh(βeψ(r)). (22)

The polymer charge density is related to the local number density nsurf of surfactant poly-
mers via

ρcharges(r) = NG nsurf(r) . (23)

The Donnan potential now follows from charge neutrality in the interface,ρion(r)=ρcharges(r),
such that

βeψDonnan(r) = arcsinh
(
NG

nsurf(r)
2ρs

)
. (24)

The interaction energy therefore follows from 1
2 ρcharges(r) eψDonnan(r). Like we already

assumed, the concentration of surfactant polymers in the bulk will in general be too small
to generate a substantial interaction energy between its charges. Furthermore, we assume
the Donnan potential in the interface to be of the order of 1 kBT such that we can approximate
arcsinh(x)≈x. Then one finds for the interaction energy

βUinteraction(r) =

0 in the bulk ,

N2
G

nsurf

2ρs
in the interface , (25)

where nsurf now has become the number density of surfactant polymers in the interface.
One may wonder if including the (indirect) influence of the entropy of the ions to this
interaction energy would be important. This could in general be the case. Nevertheless,
here it is assumed that the amount of added salt to the system is enough to make the local
ion densities not to be influenced strongly by charged objects, such that ρ±(r)≈ρs (i.e. we
are in the linear regime of the Poisson-Boltzmann equation.) Therefore, the ion-entropic
penalty for a high concentration of surfactant polymers in the interface layer is assumed to
be small.
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Figure 9: The electrostatic energy per surfactant polymer as a function of the number density
of this polymer in the interface layer relative to the salt concentration concentration, for
different values NG, and ∆η= 0.02, and λb,bulk/a= 8.
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Figure 10: The critical interface surfactant concentration nsurf (relative to salt concentration
ρs) at which the electrostatic energy crosses the bulk value 0, as a function of the number of
charged monomers NG. Plotted are results for multiple water concentration differences ∆η
between bulk and interface, using λb,bulk/a= 8.

If one combines both the result for the self-energy and the interaction energy, one finds
that the total electrostatic energy Uelec is given by

βUelec =


0 in the bulk ,

−NG
λb,bulk∆η

2a
+N2

G
nsurf

2ρs
in the interface .

(26)

For the parameters ∆η = 0.02, λb,bulk/a = 8 and different values for NG, Fig. 9 shows
the electrostatic energy as a function of the surfactant concentration. What is immediately
clear is that at very low surfactant concentrations in the interface, each new surfactant
polymer gains considerable energy by moving to the interface. This gain is initially the
largest for the surfactant polymers with the most charged groups; they bind the strongest
to the interface. As the interface gets populated, the interaction energy begins to become
important. The energy gain decreases, as we see from the upward slopes in Fig. 9. The
surfactant concentration where it is no longer favourable to add additional surfactant to the
interface is expected to be roughly around the point where the electrostatic energy in Fig. 9
crosses zero. This critical surfactant concentration is shown as a function of the number
of charged groups, for several choices for ∆η, in Fig. 10. It can be seen that the critical
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surfactant concentration decreases as the number of charged groups increases. So in order
to prepare a good surfactant, one is tempted to choose only a few charged groups on each
surfactant molecule. Nevertheless, the number of charged groups should also not be too
small, as the surfactant then probably is not able to bind strong enough to the interface
anymore. Therefore, the number of charges on the surfactant molecule should be fine
tuned. Furthermore the results also suggests that increasing the salt concentration can help
to obtain higher concentrations of surfactant in the interface.

5 Shape of droplets in a capillary

The experimental data available to the team included a picture in which a gelatin- and
dextran-rich phase alternate over the length of a glass capillary; see Fig. 2. As the gelatin-
rich phase wets the wall, the dextran phase forms droplets. The droplet is elongated in
the direction of the capillary, and is separated from the gelatin-rich fluid by two almost
semi-spherical caps. In between, the droplet does not follow the cylindrical shape of the
capillary, but is slightly squeezed: it has a waist.

The interface between two phases takes a shape that minimizes its free energy. Since this
free energy is usually proportional to the area of the interface, a typical interface has minimal
area, given certain constraints such as the volume of the phases which its separates. This
implies (see below) that the total curvature (the trace of the curvature tensor) is constant
over the surface and equal to the difference of pressure between the two sides divided by
the surface tension [8].

This seems inconsistent with the picture: in the caps the total curvature is equal to 2/R,
where R is the radius of the capillary. If the droplet would in the middle fill the intersection
of the capillary, its surface would be cylindrical, and have total curvature 1/R, as it is curved
only in one direction. The true curvature is slightly different: the radius is slightly smaller,
increasing the curvature, and the curvature in the longitudinal direction of the capillary,
is negative. These two effects contribute in opposite directions, but their magnitude is
relatively small compared to 1/R. This leaves a mismatch between the curvature at the cap
and at the waist of close to a factor 2.

We consider the following mechanisms to explain this mismatch:

• Disjoining pressure: The Van der Waals forces between the glass and the different
water phases results in a repulsive pressure between the interface and the glass wall
inversely proportional to the cube of the distance. Could this possibly be more
effective in the middle of the droplet?

• Trapping: As a result of the history of the formation of the droplet, some gelatin-rich
fluid may be trapped between the droplet and the capillary wall. This would be a
transient effect, as this fluid is squeezed out by the excess pressure in the droplet. The
question is if it exists long enough to remain during the observation.

• Curvature dependence of the surface tension: If the surface tension is not constant
on the surface of the droplet but depends on e.g. the curvature, this may affect the
shape of the droplet [9].

The first analysis is to see of the effects mentioned are strong enough to have the
observed effect.

• Disjoining pressure: The mismatch in pressure is of the order of σ/R, where σ is the
interfacial tension, and R the radius of the capillary. Here σ ' 0.1 µ N/m and R '
0.15 mm. The disjoining pressure is of the form A/d3, where d is the distance of the
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Figure 11: Left: periodic solution of the shape equation. Right: droplet with singular points
at the tips.

interface to the wall, and A some proportionality constant related to the Hamaker
constant [7], which is typically of the order of 10−21 J. From the picture in Fig. 2 we
conclude that d' 0.01 mm near the waist of the droplet. Substitution of the numbers
makes the disjoining force too small by some 6 orders of magnitude.

• Trapping: Assuming that the mismatch in pressure is actually a difference between the
pressure in the gelatin-rich phase well outside the droplet and that trapped between
the droplet and the capillary. On the scale of the effect it looks like flow between
parallel plates. The volume trapped per unit of circumference is 3 × 10−8 m2, The
pressure gap is approximately 7×10−4 N/m2, spanned over 0.1 mm, leaves a pressure
gradient of 7 N/m3. Flux per unit length between parallel plates is Φ = d3

∇p/(12η),
where d is the distance between the plates (' 1 µm here), and η the viscosity. The time
for the liquid to be squeezed out thus comes to 107 s, assuming that the viscosity is a
few times that of water. This is indeed longer than the observation time.

• Curvature dependence of the surface tension: Here we have no theory to guide us,
but since the mismatch in curvature is close to a factor two, this should be compensated
with a difference in interfacial tension of also a factor two. It is hard to imagine that
a curvature dependence on this scale can affect the surface tension that much.

The shape of the droplet is governed by the minimization of the free energy, keeping
constant the droplets volume. We assume rotational symmetry around the axis of the
capillary, and denote the radius of the droplet as r(x) with x the coordinate along the
capillary.

0 =
δ
δr

∫
dx

[
2πσ r(x)(1 + r′(x)2)1/2

− π∆p r(x)2 + V(r)
]
, (27)

in which∆p is a Lagrange multiplier to control the volume, σ is the surface tension, and V(r)
is the free energy of the interaction with the capillary, or disjoining potential [7]. Eventually
∆p will play the role of pressure jump between the inside and outside of the droplet. The
Euler-Lagrange equations following from this variation are:

0 = 2πσ
[
−r(x)r′′(x)(1 + r′(x)2)−3/2 + (1 + r′(x)2)−1/2

]
− 2π∆p r(x) + V′(r) . (28)

The term proportional with 2πσ can be recognized as r(x) times the total curvature. To
see quickly the nature of the solutions it is simplest to integrate the differential equation
numerically; see Fig. 11.

The gray area in Fig. 11 is the interior of the capillary. The typical solutions are periodic
in x representing a series of not quite separated droplets, shown on the left. By tuning
precisely the integration constants one can obtain a droplet, shown on the right. In the
coordinates r(x) and x the droplet of course has a singular point at the tip of the cap. Even
though the disjoining force is taken into account, the droplets are everywhere convex. One
could question if this can be altered by changing the disjoining potential.
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It is easy to verify that the following quantity

C = 2πσ r(x)(1 + r′(x)2)−1/2
− π∆p r(x)2 + V(r) , (29)

does not depend on x. In dynamical terms (x representing time) it is a constant of the
motion. This implies that for each droplet solution, r′(x)2 can be expressed as a single
valued function of r(x) and the constant C. This excludes the possibility of a droplet with a
waist. This shows convincingly, aside from the strength of the effect, that disjoining force
cannot explain the shape of the droplet, irrespective of the shape of the disjoining potential, even
with e.g. a potential minimum at close proximity of the wall.

The tentative conclusion is that the effect of the shape of the droplet is a non-equilibrium
effect, caused by the history of the formation of the droplet. This implies that different
droplets of the same aspect ratio will not have the same shape, but have a distribution of
waist sizes. Presumably this prediction can be verified or falsified by further observations.

We have not fully decided that the non-equilibrium shapes are long enough stable
against diffusion of the gelatin through the dextran droplet. And we also have not verified
if curvature dependence of the interfacial tension would at least in principle (aside from
the possible strength of the effect) allow droplets that are locally concave.

6 Summary

One of the key objectives in food research is the understanding under which conditions
water-water emulsions are stable. The NIZO research question posed to the physics com-
munity is to find surfactant-like molecules that may be tailored to ensure stability of the
emulsion and to give the emulsion surface the properties desirable in food systems. The
following three topics were addressed:

•We investigated the theoretical framework by Broseta et al. [2] which provides monomer
concentration profiles through the interfacial region. We have extended the Broseta model
to asymmetric polymer mixtures (see Eq.(5)), in which the two polymer species may differ
in length and molecular properties. This is necessary to obtain information on the pre-
ferred curvature to either phase and provide insight in modelling asymmetric monomer
concentration profiles. The phase diagram was calculated and it was shown that it is easier
to obtain phase separation when the two polymers differ in size.

•We investigated the properties a surfactant-like molecule should have in order to adsorb
at the water-water interface. From the monomer concentrations obtained in the Broseta
model (see Fig. 3) it is clear that the water-water interface is characterized by a region in
which polymer is depleted. This leads to the observation that a polymer molecule that
repels both polymer species A and B, would prefer to be in the interfacial region. This
requirement is quite different than that of ordinary surfactant molecules that need to be
amphiphilic in nature. We have shown that this mechanism turns out to work as long as
the surfactant-like polymer is not too short or too long (the radius of gyration should be
comparable to the width of the depletion layer). Furthermore it was shown that putting
a modest amount of charge on the surfactant-like polymer enhances adsorption due to
the favourable interaction with the water surrounding. The presence of too much charge
destroys this effect because of the Coulomb repulsion between charges.

• We have addressed the peculiar observation of the co-existence of curvature in water-
water emulsion droplets squeezed in a confined geometry (Fig. 2). We showed that the
van der Waals forces between the capillary wall and the droplet’s surface are too small
to explain the observed curvature difference. Also, it is hard to imagine that a possible
curvature dependence of the surface tension could play a role on the scale of mm’s. It
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was therefore tentatively concluded that the effect is a non-equilibrium effect, caused by
the history of the formation of the droplet. This implies that different droplets of the same
aspect ratio will not have the same shape, but have a distribution of waist sizes. This
prediction should be verified by further observations.
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Abstract 
The heat treatment section of Twaron® production consists of a series of heated rolls 
with different temperatures and rolling speeds. This part of the production line provides 
heat transfer required for drying the yarn, and a controlled increase and decrease of yarn 
tension required for enhancing the stiffness of the yarn. The analysis of this process was 
split into two tasks. 
In task 1 the heat transfer and the evaporation of the free water and the moisture are 
described. The results from this theoretical description comply reasonably with results 
from experiments and on-site results. Especially the description of the drying of the 
filaments still has some weaknesses. Suggestions were given on changing roll 
temperatures for controlling boiling and drying of the filaments, and for improving the 
modelling of the filament drying process. 
In task 2 the dynamics of the yarn running over the rolls is considered. First, a possible 
mechanism is proposed for the formation of 'loops' in the final yarn product, which is 
based on the inhomogeneous heat treating, hence stiffening on the rolls. Combined with 
a positive feedback, which forces the stiffer fibres to be closer to the hot roll surface in all 
subsequent roll passes, this leads to inhomogeneities in both filament stiffness and 
filament length. An experiment to check this is proposed. Secondly, the classical 'belt 
friction equation' was reconsidered. Especially stick-slip phenomena were described by 
cutting down the contact area with the roll surface into a large but finite set of mass-
spring systems. The dynamic behaviour was simulated in a computer model. Average 
tension profiles and their statistics were predicted, and according experiments to check 
these were suggested. 
The problem in its original form has not been solved, however a few possible directions 
for further study have been given, based on desktop (theoretical) work as well as based 
on experiments that can be carried out in the Arnhem test-site. 
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1 Company profile 
Teijin is a global, technology-driven group that is active in five main areas: synthetic 
fibers (polyester fibers, carbon fibers and aramid fibers); films and synthetics; 
pharmaceutics and medical devices; wholesalers and retailers; IT and new products. 
Teijin Limited, the holding company of the Teijin Group, is listed on the Tokyo and 
Osaka stock exchanges. The organization had a consolidated turnover of USD 9.4 billion 
(JPY 943.4 billion, 1 dollar = 100 yen) in fiscal year 2008 and has 19,453 employees 
distributed over 169 companies worldwide. Teijin Aramid is a subsidiary of the Teijin 
Group with a passion for aramid. Their dedication to both their product and their 
customers has made them a world leader in aramid. Their Twaron®, Sulfron®, 
Teijinconex® or Technora® is present where strength, durability, safety, heat resistance 
or low weight is needed. Their products can be found worldwide in many different 
applications and markets such as automotive, ballistic protection, navy, civil 
engineering, protective clothing, optic cables and oil & gas. They offer a wide variety of 
products with their four high-quality aramid fibers – manufactured in their factories in 
the Netherlands and Japan. And with their unprecedented knowledge and experience 
they are constantly able to work continuously on new innovations. 

2 Problem description 
The heat treatment in the production process of Twaron® yarn at Teijin Aramid is done 
by running the yarn on a series of hot, driven rolls. The rolls are running at the same 
speed as the yarn. Velocity differences between yarn and roll are only present due to 
yarn elongation by force gradients on the rolls. Temperature and rotation speed of the 
rolls can be varied separately to apply a force and temperature profile on the running 
yarn. 
The main function of heat treatment is removal of moisture and molecular orientation of 
the yarn. At the entrance of the heat treatment section the yarn bundle contains water, 
salt and finish. Starting from the entrance of the heat treatment section several 
phenomena occur in and between the filaments like evaporation of water, diffusion, 
elongation etc. 
The combination of filament force and temperature profile is determining the final 
mechanical properties of every individual filament. Depending on the size of the yarn 
bundle, force, temperature and moisture content in the filaments change with different 
timescales leading to differences in final filament properties. Especially in the case of 
high roll temperatures and high yarn forces the effect of bundle size on the homogeneity 
of filament properties is very relevant for the quality of the yarn. 
The problem can be summarized as: ''Quantify the distribution of filament temperature, 
force and moisture content in the total yarn bundle during the heat treatment as a 
function of a given velocity and temperature profile of the rolls.'' 
 



 
 
 
Proceedings Physics with Industry 2010 
 

- 48 - 

 

Figure 1: Schematic view of the aramid spinning process, with the heat treatment 
section encircled. 

3 Problem solving strategy 
The actual process of drying the yarn, and initially building up and later releasing the 
tension on the yarn is a rather complicated process. It was decided in the group to split 
up the work in two groups; one group working on the heating and drying of the yarn, 
the second group working on the dynamics of the yarn, while rolling over the rolls. The 
results are reported here consecutively: Section 4 is on the heat and mass transfer; section 
6 is on the dynamics of yarn rolling over the drums. 

4 The four drying phases 
After being washed in water, the yarns are dried on metal rolls that are heated by 
condensing steam. We will model the drying process of the yarn considering four 
consecutive phases. During the first phase, the water contained in the yarn will warm up 
until 100 degC, the boiling temperature of water. Subsequently, the water that surrounds 
the fibres will evaporate in a second phase. The temperature in the yarn will then rise to 
the roll temperature in a third phase. Finally, in the fourth phase, the water contained 
inside the fibres evaporates out of the filaments. In the following, we will describe and 
model each of these phases. 

4.1.1 Initial warming phase 
To calculate the time that is required to warm up the water contained in the yarn to 100 
degC, we would like to determine if the temperature within the yarn during this phase 
may be considered uniform within the bundle of filaments (the yarn). The Biot number, 
Bi, can be used to define the ratio of the heat transfer resistance of the roll wall and the 
yarn. It is defined as: 

6

3

40 125 10Bi 0.833
10 10 0.6

y S y

y S y

h k h x
k h k x
α −

−

⋅
= = = =

⋅
        (1) 
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Where α is the 'heat transfer coefficient' of the roll wall, hy is the yarn thickness, hS is the 
roll wall thickness and ky and kS [W/m/K] are the thermal conductivity of the yarn and 
the roll respectively. Since Bi is lower than 1, it can be assumed that the heat transfer will 
be limited by the roll wall, thus the temperature difference in the yarn is small and the 
temperature can be considered as homogeneous. The temperature change with time can 
then be described by the Lumped Thermal Capacity model; 

( ) ( )y yS
y y Drum y Drum

S

dT dTkh c T T C T T
dt h dt

ρ = ⋅ − → = ⋅ −∑      (2) 

the solution of which reads 

( ) ( ) Ct
y Drum Init DrumT T T T e−− = − ⋅         (3) 

where Ty is the temperature in the yarn bundle, TInit is the initial temperature of the yarn 
(20 degC) and TDrum is the temperature of the roll. cρ∑  is the total heat capacity; C is 
the inverse of the time constant τ, which equals: 

( )( )1 1 0.096 sw w y y y SC c c h h kτ ρ ε ρ ε= = + − =       (4) 

where ρ and c are density and thermal heat capacity for water (w) and yarn (y), 
respectively. It was assumed that the water represents 50% of the yarn volume (with part 
as free water in between the filaments, and part as moisture absorbed in the filaments. 
To reach the boiling temperature of water, we estimated that the yarn needs to be in 
contact with the roll surface for 0.106 s, corresponding to 81 degrees angular rotation of 
the roll (when the roll diameter is 0.75 m and the surface velocity of the roll equals 5 
m/s).  
This estimation is based on the assumption that the Biot number is much lower than 1 
and a uniform temperature in the yarn bundle is assumed. However, the Biot number is 
only slightly lower than 1, thus temperature gradients inside the yarn may be significant 
and should be considered to obtain a better estimate. 

4.1.2 Evaporation phase 
After the water surrounding the yarn has reached its boiling temperature, it will start to 
evaporate at the surface of the yarn. During this phase, we can assume that the heat flux 
q that comes out of the roll surface (per square meter contact area) equals the energy 
required to evaporate the loosely bound water with its latent heat, hEvap. We can then 
write: 

( ) ( ) 40140 100
0.01

S
Drum boil

S

kq T T
h

= − ⋅ = − ⋅  and Y
Evap Evap W free

dhq h m h
dt

ρ ε= =&   (5) 

with hY the thickness of the remaining free water layer in the yarn. The time required for 
the loosely bound water to evaporate completely can be estimated by:  

( )
Evap W free Y

Drum boil S S

h h
t

T T k h
ρ ε

Δ =
− ⋅

         (6) 

We considered that the loosely bound water represents 20% of the total volume, thus we 
used εfree = 0.2. This water will evaporate in 0.353 seconds, which corresponds to 270 
degrees of angular rotation of the roll. 
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Considering the high temperature of the rolls, the temperature conductivity might be 
influenced by the formation of a steam film (the so-called 'Leidenfrost-effect') between 
the roll surface and the yarn bundle that might considerably reduce the heat transfer 
between roll surface and free water, as it is illustrated on Figure 2. 

 

 

 

 

 

 

 

 

 

Figure 2: Typical boiling curve, which gives the surface heat flux as a function of the 
difference between the wall temperature and the saturation temperature of the 
fluid, for water at atmospheric conditions. (Rops et al. 2009). Until a 
superheat of some 20-30 degrees there is normal boiling ('pool-boiling'). At a 
higher superheat, the contact between surface and water reduces, until a 
complete vapour film forms between the surface and the liquid. 

4.1.3 Heating of the yarn to drum temperature  
Once all the water that surrounded the yarn has evaporated, the yarn will warm up until 
the temperature of the drum. The temperature dynamics can then be described by the 
heat transfer equation similar to that during the first phase, but now without free water: 

( ),2
y

Drum y

dT
C T T

dt
= ⋅ − , ( ) ( ) 3

,2 ,2
C t

Drum y Drum BoilT T T T e−→ − = − ⋅     (7) 

with ( )( )31 1y y free y S SC c h h kτ ρ ε= = −  = 1400*1400*0.8*125.e-6*0.01/40 = 0.049 s. (8) 

Thus, once the loose water is out, the yarn reaches very quickly the temperature of the 
drum surface, i.e. in a time scale of 50 ms.  

4.1.4 Evaporation of the water within the yarn 
When all the water around the fibres has evaporated, the water inside the fibres will start 
to evaporate by migrating to the fibre interface by diffusion. We can assume that the 
temperature inside the yarn is equal to the temperature of the roller. Since the 
temperature of the yarn is high, the air moisture is much lower that the moisture inside 
the yarn. We can thus assume that the water reaching the surface will evaporate quickly 
and that the limiting factor for the drying of the yarn will be the diffusion of moisture, ω, 
within the yarn.  
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We can write the general diffusion equation as: 

         (9) 
D is the diffusion coefficient of water in the yarn, which may depend on temperature 
and moisture content. For cylindrically symmetric diffusion, the diffusion equation can 
be written as: 

        (10) 
Furthermore, if we assume that the diffusion coefficient is constant (not dependent of 
temperature) and equals D0, then: 

2
0 0

0 2

D Dr D
t r r r r r r
ω ω ω ω∂ ∂ ∂ ∂ ∂⎛ ⎞= = +⎜ ⎟∂ ∂ ∂ ∂ ∂⎝ ⎠

        (11) 

After separating the variables with ( ) ( ) ( ),r t u r v tω = ⋅ , the solution for the function v 

takes form: ( ) tv t e λ−= , and u(r) will be the solution of the following ODE: 

0

1" ' 0u u u
r D

λ
+ + =           (12) 

The total solution for the moisture content ( ),r tω  will be of the form:  

0 0
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∞

−

=

⎛ ⎞⎛ ⎞ ⎛ ⎞
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∑         (13) 

With J0 and Y0 are Bessel functions of the first and second kind of order 0. Ci and Fi are 
constants that can be determined from the initial and boundary conditions. With the 
boundary condition that the moisture at the centre of the yarn is finite, the singular 
second kind functions must vanish; i.e. Fi = 0. So the expression for the water content 
takes the following form: 

0
1 0

it i
i

i
e C J r

D
λ λω

∞
−

=

⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠
∑          (14) 

If we assume that the moisture fraction in air at the surface is negligible compared to that 
in the fibre, i.e. the Biot number for mass transfer is large, we can calculate the 
coefficients λi (R is the fibre radius) by imposing the mass fraction on the filament 
surface to be zero: 

( ) ( ) ( ) ( )2 2 2
0 0 0 1 0 1 0

0

0 & 2.40i
i i iJ R J X D X R D X R D R

D
λ λ λ

⎛ ⎞
= = → = = =⎜ ⎟⎜ ⎟

⎝ ⎠
  (15) 

Χi are the zeros of the Bessel function of order 0, J0 (x): 2.40, 5.52, 8.65, 11.79… The 
moisture profile with Fo (i.e. dimensionless time) is visualised in figure 3. 
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Figure 3: Evolution of the initial (flat) water content profile at t=0 (top curve) as sum of 
the first fifty Bessel functions in equation (1) as function of the dimensionless 
Fourier number  ( 2

0Fo D t R= ). 

 
The decay of the higher harmonics increases quickly compared to that of the 
fundamental mode. Therefore, the drying time scale tDry can be approximated by that of 
the fundamental mode only: 

11Dryt λ=            (16) 

No values were available for 0D  of Twaron at the temperature of drum (160 degC). To 
approximate it, we 1) used the diffusion coefficient of water in Nylon-6 measured over a 
range between 15 and 60 degC [3]. 2) we extrapolated these values to actual drum 
temperatures, using both a simple exponential and an Arrhenius form; 

( )0
E kTD T Ae−=           (17) 

as shown in figure 4. The logarithmic average value for the diffusion coefficient of Nylon 
at 160 degC then equals 1.2*10-10 m2/s, and this gives a time constant of 0.07 seconds 
only. 

 

 

 

 

 

 

Figure 4: Estimate of diffusion coefficient at actual temperatures by fitting the general 
Arrhenius form, ( )0

E kTD T Ae−= , to data for Nylon at lower temperatures. 
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This value is obviously too low. Practice shows rather something like 2 seconds. To 
improve on the obtained estimate, a better value for the diffusion coefficient of moisture 
in Twaron is required, which we did not have at that moment. Regarding its sensitivity 
to temperature, our extrapolation is dangerous. One improvement can be obtained by 
considering that diffusion in a microscopically oriented material is, like the polymer 
molecules, anisotropic as well: Diffusion in the longitudinal (along-fibre) direction gets 
at least two orders of magnitude higher than in the radial (cross-fibre) direction [4]. 
Furthermore, complex phenomena will occur at the edge of the filament where during 
the drying the moisture drops the first, and easily a sealing crust forms, that hampers 
further drying. 

4.2 Conclusion & recommendation 
We have shown that the drying process consists of four stages, where the 2nd 
(evaporation of the free water in the yarn bundle) and the 4th (drying of the individual 
filaments) takes the longest time in the process. The modelling of phase 4 is considered 
to be the least accurate at this moment, and this would require further study, while it is 
considered to have relevant influence on predicting final yarn product properties. 
To have better control over the drying process, it is advised to: 
1) consider the temperature of the first two drums where the free water is heated and 

evaporated. At actual temperatures, the heat transfer may be limited by the very high 
roll surface temperature, which may cause a vapour film between roller surface and 
yarn that reduces heat transfer. 

2) consider the temperatures of the later drums. At actual yarn temperatures, the 
evaporation at the filament surface may be too quick for moisture to escape from the 
inner of the filament. AT lower temperatures, the drying may be slower but more 
homogeneous. 
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5 Introduction

5.1 Background introduction

Teijin Aramid, part of the Teijin Group, is the global leader in the business of
aramids (aromatic polyamides). It produces three different polymers under the
brandnames Twaron, Technora and Teijinconex. These polymers are mainly sold
in the form of yarn. In the Netherlands, Twaron is produced. This is para-aramid
polymer and yarn that excels in strength, stiffness, light weight and high thermal
and chemical stability. During the production process, yarn must be dried. This
is done on hot rolls. During drying also the final mechanical properties are
determined: the level of temperature and tension on the yarn has an important
impact on the stiffness of the material.
The production process consists of the following stages

• Chemistry:

– production of the polymer raw material;

– monomer synthesis (2x) and solvent (NMP) preparation;

– polymer synthesis;

– washing of solvent;

– drying.

• Spinning into yarn:

– re-dissolving into pure H2SO4;

– filtration;

– spinning into bundles, consisting of 1000 filaments;

– washing and neutralising of solvent;

– drying and final stretching;

– winding.

Apart from these processes there is postprocessing of yarn into staple fibre, pulp
and so on that is not considered here. This workshop focuses on yarn drying and
final stretching.

5.2 Original assignment

The original title was: “The homogeneity of yarn due to heat, mass and
momentum transport in the heat treatment section of the production process of
aramid yarn (Twaron)”
The heat treatment in the production process of Twaron yarn at Teijin Aramid is
done by running the yarn on a series of hot, driven rolls. The rolls are running at
the same speed as the yarn. Velocity differences between yarn and roll are only
present due to yarn elongation by force gradients on the rolls. Temperature and
rotation speed of the rolls can be varied separately to apply a force and
temperature profile on the running yarn.
The main function of heat treatment is removal of moisture and molecular
orientation of the yarn. At the entrance of the heat treatment section the yarn
bundle contains water, salt and finish. Starting from the entrance of the heat
treatment section several phenomena occur in and between the filaments like
evaporation of water, diffusion, elongation etc.
The combination of filament force and temperature profile is determining the
final mechanical properties of every individual filament. The force, temperature
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Figure 5: Schemetic picture of a filament interchanging layers.

and the moisture content in the filaments change with different timescales,
depending on the size of the yarn bundle, leading to differences in final filament
properties. Especially in the case of high roll temperatures and high yarn forces,
the effect of bundle size on the homogeneity of filament properties is very
relevant for the final quality of the yarn.
The problem can be summarised as: “Quantify the distribution of filament
temperature, force and moisture content in the total yarn bundle during the heat
treatment from entrance to outlet of the drying section as a function of a given
velocity and temperature profile of the rolls.”

5.3 Final assignment

The original assignment was posed fairly wide: it would be impossible to solve
the whole case. It was intended to select a few well-defined areas of interest that
could be studied in detail in sub-groups. The chosen subjects were:

• rate and homogeneity of heat-up and drying of the yarn;

• tension build-up on a roll: tension transfer from roll to yarn and between
layers of filaments within the yarn;

• self-enhancing stiffening of individual filaments and a proposed mechanism
for the creation of long filaments.

6 Mechanical properties of the yarn

Looking at the mechanical processing of the yarn, we concentrated on
mechanisms of formation of ‘loops’ (overstretching) of individual filaments of the
yarn bundle.
The yarn consists of a bundle of individual filaments. The quality of the yarn is
decreased by the formation of loops for each filament. We consider different
possible mechanisms of loop formation, make an estimation of the importance of
each mechanism, and propose experiments for understanding how the proposed
mechanism works. First, the problem is considered from the point of view of
individual filaments. Second, we look at the bundle like an elastic rope rotating
on a drum. Third, interaction between the different layers is considered.

6.1 Layers interchanging

Loops may be formed due to the filament swapping from one layer to another
layer, as depicted in Figure 5. We assume that the filaments are equally
stretched in different layers. Then, when the filament comes from the top layer to
the bottom one, the difference of the length between filament appears.
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6.1.1 Estimation

Let us estimate the difference in lengths for the filaments, one of which goes only
on the top layer and another which follows only the bottom layer:

∆L = πhN, (18)

where h is the heigth of several layers in the bundle, h = n ∗ h0, h0 = 12µm is the
height of one layer, n = 5 is the number of layers, N = 20 the number of drums in
the production line. On average, a yarn passes over 180 degrees or π radians
over a drum. So we calculate that ∆L = 4mm.
If the filament once drops from the top layer to the bottom layer, why does it like
to remain in the bottom layer? We call this a mechanism of positive feedback.

6.1.2 Mechanisms of positive feedback

We can find two mechanism of positive feedback for filaments staying on the
bottom layer:

1. Filanments under different temperature treatment get a different Young
modulus: those which get more temperature treatment are more stiff. So
the filaments which are closer to the drum become more stiff than those on
the outer part of the bundle.

Let’s consider the bundle of the filaments on the drum A, denote bA the part
of the filaments which are in the bottom layer and tA which at the top layer.
At the next drum, the drum B, the sequence of the layers changes:

bA −→ tBin, tA −→ bBin. (19)

The filaments tB which are on the top of the drum B get more thermal
treatment on the drum A than bB. So tB are more stiff, and they would like
to go to the inner part of the bundle. This process may happen through the
interchanging of the layers on the bundle. As the consequence bA become
bBout, and tA become tBout, which give less temperature treatment for tBout.
On the drum C the same happens.

It gives a positive feedback mechanism, which drives softer filaments on the
top of the bundle.

As known from the experiment the loops are more soft.

The mechanism described above provides the softer elements on the top.
According to the estimation (18) the filaments which follow the top route all
the way get additional length, so they can be a source of the soft loops seen
in the experiment.

We expect this mechanism to be valid at large temperatures (T > 350K). At a
high temperature, the temperature gradient across the bundle is large, and
even more the Young modulus after the treatment at such temperature is
large, so even small deviation of it may cause large fluctuations on stiffness.

2. Another mechanism of positive feedback is due to the negative coefficient of
thermal expansion. We assume the temperature gradient across the bundle.
So the filaments closer to drum are more strained than the filaments in
outer part of the bundle. Then considerations are anologous to that given
above. This mechanism is only valid at the temperature range where the
coeffecient of thermal expansion is know to be negative.
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It is more likely that an interchange of layers occurs at the boundaries of the
bundle, because it is energetically more favourable — the filament does not need
to push other filaments to the side.

6.1.3 Experiment to check the hypothesis

We propose an experiment to check the importance of the mentioned mechanism
of loop formation as a big fluctuation which cause appearence of the non zero tail
in the distribution of length. It is possible to paint the top layer in one colour and
the bottom layer in another. If loops are formed by the mechanism of the layer
interchanging there will be more loops of one colour than of the other.

6.1.4 Layers interchanging as thermodynamical fluctuation

It is known from general consideration of statistical physics [1] that temperature
causes fluctuations. The average deviation of the equilibrium value is
proportional to

√
T : 〈x2〉 ∼ T . So generally, the distribution of lengths of filaments

will increase with temperature.
Temperature may also cause the rare fluctuation of layer interchanging even
without mechanisms of positive feedback. The probability of such fluctuation is
exp(−A/T ), A is the factor which depends of the form of perturbation which can
cause the interchange of the layers (for more details see the
fluctuation-dissipation theorem in [1]). For example, if there is one loop from ten
thousands for the temperature 100C, there is one loop for one hundred of
filaments at the temperature 500C which formed due to the same perturbation.
To decrease the influence of this process, one needs to identify the mechanism
for A and then tune parameters of this mechanism in order to reduce it. It can be
important because according to the experiments the number of loops increases
significantly with temperature.

6.2 Modelling the motion of yarn over a drum

The aim of this section is to model the dynamics of yarn travelling over a rotating
drum, in order to reproduce phenomena, such as stick-slip, that occur in the
production line of Twaron yarn. We assume that physics of travelling yarn can be
described by standard Newtonian mechanics, including mass, forces, positions
and velocities. In the actual system, friction plays a very important role since the
tension in the yarn is controlled by stretching it over drums with surfaces moving
at slightly different speeds. A large yarn tension can be created by only small
drum speed differences due to the large Young’s modulus of the yarn material.
Since friction plays such a large role in the system, we must model it correctly.

6.2.1 The belt friction equation

Before considering the full dynamics of the system, we would like to first
understand the static system. For yarn (or any string) wrapped around a fixed
drum with arc angle ϕ, the maximum tension that can be built up around the
arc length is given by the belt friction equation:

T2 = T1e
µϕ , (20)

where µ is the coefficient of static friction between the yarn and the drum. T1 is
the smaller input tension and T2 is the larger output tension, as show in Figure 6.
The important point to note with the belt equation is that it is dervied assuming
that the friction at each point along the yarn is exactly the maximum static
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Figure 6: The belt friction
equation gives the maximum
tension that can be built up
in a length of yarn when it is
streched over a drum.

Figure 7: The tension profile does not
have a unique solution for the case that
T1 and T2 are not at their critical values
and the yarn is not about to slip. But
there does exist a unique solution where
the energy of the stretched yarn is min-
imised. This is given by the solid line
which remains at T1 for as long as pos-
sible, and then follows the belt equation
for the last portion, up to T2.

friction. In other words, the entire length of yarn is on the point of slipping. If
this is not the case; if the tension difference is not at the critical limit, and
T2 < T1e

µϕ, then the tension profile around the drum does not have a unique
static solution. For example, in the two extreme cases, the tension can either
build up to maximum as early as possible, then remain constant for the rest of
the length around the drum, or the tension can remain constant for as long as
possible around the drum, then build up exponentially as per the belt equation
for the last part of the drum. This ambiguity is depicted in Figure 7.
While there does not exist a unique static configuration of the stretched yarn in
the non-critical case, there does exist a unique solution where the energy is
minimised, which is the lattrer of the two limiting cases. This particular tension
profile will be the favoured profile when we consider the dynamical version of the
problem, because then the yarn will get a chance to redistribute itself and find
the minimum energy configuration.

6.2.2 A rotating drum

In the system we want to model, the drum is rotating at a constant speed and the
yarn is travelling over it. The entry and exit speed of the yarn are different in
order to build up tension. In such a scenario we expect there to be some form of
slipping of the yarn over the drum. This is because the yarn would like to be in
the minimum energy configuration, as described previously in the static case,
but since the drum is rotating the yarn must constantly readjust itself by
slipping over the drum’s surface. We would like to understand where on the
drum the yarn is sticking, where it is slipping, and what the tension profile is.
Let us assume that the yarn sticks to the drum at the start, then accelerates up
to the outgoing speed, then slips for the rest of the way around the drum. For the
initial sticking portion, the yarn is travelling at the same speed as the drum and
we expect the tension to build up as per the static case. The acceleration region
is necessary for the speed of the yarn to increase, and the yarn will be slipping
here. Then for the rest of the length on the drum, the yarn will be travelling
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Figure 8: With a moving drum, we assume that the yarn is sticking over some
region of the drum, then accelerating to the outgoing speed, then slipping over the
rest of the drum. For the stick and slip regions, the tension profile is described
by the belt equation. In the left sketch we show the general tension profile, in the
right, the profile when total internal energy of the yarn is minimised.

faster than the surface and will be slipping. When it is slipping it has a known
dynamic friction force at each point which is propotional to the normal, and in
fact we can use the belt friction equation for this slipping region, using the
coefficient of dynamic friction in the exponential. The left sketch in Figure 8
depicts this behaviour of the yarn.
If Tstick is the tension in the yarn at the end of the stick region and ∆Taccel is the
tension built up over the acceleration region, then we have the following
equations:

Tstick = T1e
µSϕS , (21)

T2 = (Tstick + ∆Taccel) eµDϕD . (22)

Here, ϕS is the total angle around the drum where the yarn is building up
tension due to static friction, ϕD is the angle where tension is built up due to
dynamic (slipping) friction, and µS and µD are, respectively, the static and
dynamic coefficients of friction.
We can estimate the tension build up in the acceleration region by assuming a
constant acceleration. We use the equation 2ad = v2 − u2 with acceleration
a = T/m and velocities v = vout and u = vin. Letting λ = m/d be the mass per unit
length of the yarn we obtain

∆Taccel =
λ

2
(v2

out − v2
in) ' λvin∆v . (23)

Here, ∆v = vout − vin. Putting in typical numbers λ = 0.113g/m and vin = 5m/s we
get

∆Taccel = 5.6× 10−4N
(

∆v

1m/s

)
. (24)

Compare this value with with a typical yarn tension of T = 20N and we see that
the acceleration region is negligible.
We conclude that most of the tension is built up in the belt equation regions, and
so we can make the approximation that

T2 = T1e
µSϕS+µDϕD . (25)

Since µS > µD, tension can be built up more quickly in the static region. The
yarn can therefore minimise its overall internal energy by maximising the static
friction angle ϕS and minimising the angle ϕD. In fact, it seems that it is best to
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have ϕD = 0 and then have all the friction built up in the static sticking region.
This situation is depicted in the right sketch in Figure 8.
Our conclusion is that even with a rotating drum and different in and out
velocities, the yarn tries to relax to a tension profile that it would have in the
static situation. But since the drum keeps rotating, this tension profile must
periodically readjust in some way. We attempted to understand this further by
modelling the system using discretisation.

6.2.3 Modelling the yarn with masses and springs

The yarn is modelled as a massive elastic string, which is discretised by N
masses connected with springs. Each mass i is described by its coordinate xi

and velocity vi. The system is considered in discretised time. The evolution of the
system through one time step dt is described by equations of motion for each
mass:

xt+dt
i = xt

i + vt
idt , (26)

vt+dt
i = vt

i + at
idt . (27)

The accelaration of the mass ai is determined from Newton’s law by F t
i = mat

i,
where the longitudinal force on a mass is

F t
i =


T t

left,i − T t
right,i , not on the drum

0 , on the drum and sticking; vt
i = vdrum

T t
left,i − T t

right,i − µDN , on the drum and slipping; vt
i 6= vdrum or

∣∣∣T t
left,i − T t

right,i

∣∣∣ > µSN t
i

(28)
where T t

left,i and T t
right,i are the tension forces which act on the mass i from the

left and from the right. These forces are determined from Hooke’s law:
T t

left,i = k(xt
i+1 − xt

i) and T t
right,i = k(xt

i − xt
i−1). Here, N is a normal reaction force

acting on the mass from the drum, which is determined from the equilibrium
forces in the tangential to the yarn direction: N = (T t

left,i + T t
right,i)dφ, dφ is an

element of arc, dφ = dl/R, dl is the length of one discretised element.
During numerical modelling it is important to preserve the physical
characteristic of the continious system. In our case it is the velocity of sound on
the drum: vsound =

√
E/ρV , where E is the Young’s modulus of the yarn and ρV is

the density per volume. In terms of parameters of our discretised system, the
corresponding quantity is

vsound = ωL/N, (29)

where ω =
√

k/m is a frequency of mass m on the spring, L is the length of the
system, and N is number of masses in the modelled system. When increasing
the number of masses in the modelled system we change ω in accordance with
equation (29) to have the same velocity of the sound in the corresponding
continious system.
Running the model on a computer gives some insight as to how the tension in
the yarn builds up around the drum. The results are preliminary and
parameters used for the Young’s modulus and drum speed which are much less
than in the real system. Nevertheless, we do indeed see behaviour as depicted in
the right sketch in Figure 8. The yarn prefers to be sticking the whole way
around the drum, with tension building up only at the end, as per the belt
friction equation. In the simulation there is no noticeable acceleration region.
See Figure 9 for a snapshot of the simulation.
The simulated yarn has behaviour as follows. Initially it starts out as in the
static case, and the tension builds up exponentially over the last portion of the
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drum and yarn colour legend:
free yarn
yarn sticking to drum
yarn slipping forward on drum

graph colour legend:
tension in yarn (red dot if yarn slipping at that point)
velocity of element in yarn
(horizontal lines are in and out velocities)
theoretical belt friction equation for static friction

time=6.907
v_out/v_in=1.500  damp=0.100

Figure 9: A snapshot of the
simulation. At this par-
ticular time in the simula-
tion the yarn is in the mid-
dle of releasing tension and
the shock-wave of tension
release (and corresponding
slip) can be seen as the red
dots in the green tension
plot. These dots correspond
to the red dots in the picture
of the yarn running over the
drum.

drum. As time goes by, the tension profile shifts to the right (coming off the
drum) and there is a build up of tension difference between the last section of
yarn on the drum and the first section coming off the drum. This tension
difference builds up gradually until some point where the static friction is
overcome and a ‘shock-wave’ is sent down the yarn stuck to the drum. This
shock-wave unsticks the yarn from the drum and readjusts the tension profile,
shifting it back. Once the shock completes, the yarn sticks to the drum again
and returns to the beginning state, where it has all of the tension building up as
static friction as per the belt friction equation.
This build up and release of tension has a characteristic timescale. The build up
speed is proportional to the drum speed vdrum, while the release speed is
proportional to the speed of sound in the yarn vsound (since this is the speed of
the shock-wave). The dimensionless number characterising the ratio of build-up
time to release time is the ratio of these two speeds. For the actual system the
numbers are

tbuild up

trelease
∼ vsound

vdrum
=

7700m/s

5m/s
= 1500 . (30)

We only managed to simulate low drum speeds and small Young’s modulus, so
the dimensionless number for the simulated model is tbuild up/trelease ∼ 4. This
number is larger than one, so the yarn spends more time sticking and building
up tension than it does slipping and releasing tension. In the actual system the
yarn is spending almost all of its time sticking, and only a very small time
slipping.
It would be good to spend some time varying the parameters of this model to
understand how they affect the behaviour, and check whether the observed
behaviour is physical, or an artefact of the discretisation method used. To verify
the results, one could very precisely monitor the speed of the yarn relative to the
drum in the actual system. This could be done for example by painting stripes on
the yarn (transverse to its long length) and also painting strips on the drum. The
machine could then be filmed with a high speed camera.

6.2.4 Frequency distribution of stick-slip events

Following on from the results of the simulation, we would like to know if there
are any possibilities to analyse the stick-slip process experimentally. Also, it
would be nice to find the slipping angle (when the tension is released) of the fibre
bundle on the drum experimentally. There exist several models describing
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Figure 10: Time-development of the to-
tal energy contained in the chain.

Figure 11: 1/f2-noise behaviour in
stick-slip model: Power-spectrum of the
total internal energy of the chain.

stick-slip mechanisms [2], [3], some of them are very simple [4]. Different models
can be compared to experimental data by calculating histograms and spectra. A
classic example of a stochastic process is Gaussian white noise, characterized by
’normal-distributed’ fluctuations and a constant power spectrum. Other possible
spectra are those with 1/f (”pink noise”) or 1/f2 (”Brownian or red noise”). The
types of noise are closely related to the process creating the fluctuations, e.g. a
random walk or Brownian motion for Brownian noise, or a Wiener process for
white noise.
Therefore, a stochastic process can be identified by estimating the distribution
function (the histogram) as well as the power spectrum. In the case of a
self-organized critical state (one of the models for the stick-slip process), the
histogram shows a characteristic power-law behaviour. The number N(M > m) of
events with magnitude M larger than some reference value m is proportional to a
negative power of m, the critical exponent.
The histograms and the spectra can be calculated from the force signal F (t) or
from the velocity signal v(t) of the yarn bundle. In the case that there is no slip
between the yarn bundle and the transport drum, the velocities should be
normal-distributed around the tangential velocity at the surface of the drum.
With full slip, this should change to a normal distribution around the sum of the
drum velocity and the slip. Close to the slip angle, it can be expected to find a
power-law behaviour and a 1/f2 spectrum if this process is well-described by the
self-organized criticality model. Measuring further behind the slip angle,
damping due to the elasticity of the yarn should gradually change the histogram
and the spectrum towards Gaussian white noise. The damping properties can be
investigated by inverse filtering of the spectra measured at different positions
behind the slip angle.
It shouild be noted that the type of noise is given by the power spectrum, i.e.
|F̂ (ω)|2, and not by |F̂ (ω)| as was used in the original reference [4].
Necessary for this analysis is the availability of experimental data with a high
temporal resolution on forces and/or velocities (e.g. LDA measurements).

6.2.5 Alternative method of numerical modelling

The method described in Section 6.2.3 has some drawbacks: oscillations of
velocity appear on the step of the discretisation in space direction. It is a
numerical artificact which can be accounted to the implicit type of discretisation
that is used. For example, for one oscillator with hamiltonian H = (p2 + q2)/2
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such type of discretisation:

qi+1 = qi + hpi , pi+1 = pi − hqi (31)

(h is the time step of discretisation) leads to grow of energy of the system with the
time En = (1 + h2)nE0. This increase of energy for each of the coupled oscillators
(masses on the spring) gives to the system energy which causes oscillations.
When this ‘parasitic’ energy is dissipated through the friction at the slipping
region, the system goes back to a more stable state. (The way to check this
numerical artifact is to check if the oscillations become more rare and/or have
less amplitude when decreasing the time step h.)
It is possible to build discretisation for which energy does not grow with the time.
It is the type of ‘implicit’ discretisation. In the most general form it is:

qi+1 − qi = h[spi+1 + (1− s)pi] , pi+1 − pi = h[rqi+1 + (1− r)qi] , (32)

with controlling parameters s and r. It has one point in the (r,s)-space where
energy is conserved: (r=1/2, s=1/2) not depending on p0, q0 and h.
Such discretisation does not give oscillations on the step of discretisation. But
the general results are different from that described above: there are oscillations
of the speed everywhere over the length of the yarn (not with discretisation step).
In physical words such a picture says that oscillation of the elastic yarn are more
important than the interaction with the drum.

• The amplitude of oscillations proportional to (vout/vin − 1).

• The system with initial pre-tension has larger amplitude of oscillations.

These oscillations may cause stretching over some limit and lead to loops. To
decrease the influence of this mechanism on the loop formation one can:

• look at chemistry that happens with the actual yarn: with evaporation of
water from inside, Young’s modulus changes, so initial pre-tension before
coming onto the next drum changes (different due to different Young’s
modulus);

• to improve the quality of the yarn one needs to know the time-dependence
of the Young’s modulus change due to thermal treatment; according to this,
adjust the speed of the drums in such a way that the yarn has zero initial
pre-tension before the next drum (then oscillations are smaller, and the
probability of over stretching is less).

Or use an alternative idea:

• attenuation of the oscillations: attach to the drum some attenuation
mechanism, then the yarn comes more smoothly onto the drum. The same
effect may be achieved by placing close to the yarn some acoustically
trembling region.

Recomendations for improving numerical modelling: to improve the boundary
conditions for the second method, as it is possible to see that mentioned
oscillations depend on boundary conditions; to compare the solution of the
equation for propagating of the waves on the elastic spring without the drum
with the same boundary conditions as with the drum and compare with the
result of modelling, it will give understanding what process is most important:
the propagation of elastic waves in the spring or the friction of the yarn with the
bundle (form general consideration of energy conservation it is impossible to
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distinguish between this two processes: δEincome = Afriction + Eelastic + Q, δEincome

is the energy which comes to the system, Afriction is the work of friction force
when the spring touches the drum, Eelastic the energy of the elastic spring, Q is
some heat dissipated in the real system).

6.3 Internal mechanical properties of a yarn bundle

In this section we turn to the following question: under what conditions can the
bundle of filaments mechanically be treated as a continuum (a single ‘belt’)?
Answer: The necessary condition in this case is that all tensions due to
mechanical elongations of layers must be compensated by internal static friction.
To estimate the strain in the bundle, we assume a series of stacked filament
layers on the drum. From Hooke’s law, a strain in a layer results in a stress force
F = AEε, which must be compensated by the internal friction forces. Considering
a bundle with N layers of thickness d, the strain between two neighbouring
layers is

ε =
∆L

L
=

(R + d)φ−Rφ

Rφ
' d

R
, (33)

resulting in a stress force of

Fi,i+1 = A0E
d

R
, (34)

neglecting the differences in the radius of curvature (assuming R � d). In the
case that at every point the local static friction forces are large enough to
compensate for this strain (no slip), then a layer ‘feels’ the stress of all outer
layers, with the friction between the two innermost layers compensating for the
cumulative stress. This gives

F1,i = A0E
(i− 1)d

R
(35)

for the stress force of layer i relative to (the innermost) layer 1, and cumulative
force

Ftot =
N∑

i=2

F1,i = A0E
d

R

(N − 1)(N − 2)
2

(36)

for the total stress which has to be compensated by the friction force between
layer 1 and 2. Therefore, the condition is

µ1,2FN ≥ A0E
d

R

(N − 1)(N − 2)
2

. (37)

A similar condition can be given for no slip between drum and filament bundle:

µd,1FN ≥ A0E
d

R

N(N − 1)
2

. (38)

The normal force is the local tension divided by the radius, FN = T/R. With the
intersection area of one filament A0 = π/4d2 one gets

µ1,2T ≥ π

4
Ed3 (N − 1)(N − 2)

2
and µ1,2FN ≥ π

4
Ed3 N(N − 1)

2
. (39)

See Figure 12 for an illustration of these inter-bundle effects.

 

- 64 -



Figure 12: Schematic of a filament
bundle bent over a drum.

6.4 Conclusions and outlook

We propose some physical mechanisms of loop formation and experiments to
check these mechanisms. All things said above are general considerations; to
distinguish between them, one needs to make a more detailed investigation
including experiments.
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Abstract 
We exploit different routes for encapsulation of food additives, such as minerals or 
vitamins, in a polymeric capsule. The added active ingredients should remain inside the 
capsule for at least a year in an aqueous environment (e.g. a dairy product), since 
sensory properties or functionality of the ingredients may otherwise be affected. 
However, after intake the active compound should readily (within 1 h) be released due 
to the acidic environment in the stomach. First, we propose a phenomenological model 
in order to study how a polymeric matrix may limit the diffusion of incorporated active 
molecules. The relation between the release rate of the active compound and its 
molecular weight is elucidated. Second, the desired capsules may be obtained by specific 
binding between subunits within the capsule and the active ingredient. We show two 
examples that rely on this mechanism: amylose-lipid complexes and mixed metal 
hydroxides. Amylose is able to form inclusion complexes with various types of ligands, 
including iodine, monoglycerides, fatty acids and alcohols, where the hydrophobic parts 
of the ligands are entrapped in the hydrophobic helical cavity of amylose. Mixed metal 
hydroxides are a versatile class of inorganic solids that consist of sheets of metal cations 
that are octahedrally surrounded by hydroxide molecules. In between these layers 
anionic species compensate for charge neutrality. In this way, various metal cations 
(minerals) may be incorporated with a high loading, and negatively charged actives may 
be placed between the layers. Upon digestion the particles dissolve and the ingredients 
are digested. Finally, we show that nature has already developed many intriguing 
capsules. 
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1. Company introduction 
Royal FrieslandCampina is a multinational dairy company owned by the dairy 
cooperative Zuivelcoöperatie FrieslandCampina, which has 15,300 member dairy farms 
in the Netherlands, Germany and Belgium. Their products are for sale in more than 100 
countries. Key regions are Europe, Asia and Africa. In 2009 sales amounted to 8.2 billion 
euro. The company employs 20,000 people in 24 countries and provides people around 
the world with all the good things milk has to offer. FrieslandCampina employs around 
450 persons in R&D. Important research subjects are nutritional aspects of milk, 
fractionation, concentration and preservation of milk and food structuring. 

2. Problem description 
Milk contains many nutritional components. However, there are several cases in which 
the addition of extra nutritional ingredients to milk, such as minerals or vitamins, is 
needed e.g. to prevent nutritional deficiencies or to increase the well-being of consumers. 
Research has shown that supplementation of food is often the most effective way to 
achieve this. Nevertheless, added ingredients often chemically interact with milk 
components such that functionality of the ingredients is lost and/or sensory properties 
of the milk product, e.g. taste, is spoiled. In order to solve this problem we are looking 
for (food grade) systems that 'shields' the ingredient from the milk components during 
processing (e.g. heat, shear) and during the shelf life of a long-life milk product, meaning 
that the protection should last around one year at a temperature of roughly 30°C. After 
consumption, in a very short time frame, the ingredient should be available at the right 
location in the body. This sets highly contradictory demands to the protective 'capsule' 
that needs to be developed. Figure 1 summarizes the desired type and conditions which 
the capsules need to require. In additons it is required that the capsules survive 
sterilisation (e.g several seconds at 120oC) and preferably survive the significant shear 
present during processing of the food product. Also biomolecules sensitive for lipid 
oxidation are interesting active ingredients to encapsulate. As long storage of foods 
containing these biomolecules can result in oxidative deterioration where hexanal is 
formed, it would therefore be favourable to encapsulate these sensitive molecules such 
that produced hexanal remains encapsulated to prevent sensing the off taste. In the 
workshop Physics with Industry 2010 we hope to find new leads for materials that 
possess these properties, by combining expertise from (bio) physics, physical (polymer) 
chemistry and colloid science.  
 

 

Figure 1: Desired type and conditions of encapsulation of various active ingredients 
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3. Problem solving strategy 
A) Control and limit diffusion of actives by polymer density/permeability. Calculate the 

time of diffusion across the polymer as a function of the size of active compounds to 
be incorporated in the matrix. 

B) Explore possible routes to encapsulate hydrophobic molecules or metal cations by 
mechanisms that rely on a specific binding between the polymer matrix and the 
active molecule. 

 

 

Figure 2: Encapsulation by (a) limited permeability of actives in polymer network and 
(b) specific binding.  

4. Results 
I. Diffusion of active molecules in a polymeric capsule 

A. Modelling 

During the fabrication process, solubility (S) of actives in polymers plays a crucial rule. 
There are two scenarios. For actives with high solubility, they will be dissolved in 
polymers. Capsules made by such substances are more like a homogeneous mixture 
(Figure 3a). The actives with low solubility tend to stay as cluster(s) in polymers, as a 
core-shell system (Figure 3b). Since it is always possible to transfer the first scenario into 
the second one by add an extra coating (Figure 3c), we consider a spherically symmetric 
percolation model showed in Figure 3d as a generic representation. 

     

 Figure 3a       Figure 3b 
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 Figure 3c         Figure 3d 
 

B. Derivation 
The permeation of active molecules through an amorphous glassy or rubbery material 
[1,2] is often understood in terms of a solution-diffusion process. Molecules on the high-
pressure side dissolve into the polymer, diffuse down a concentration gradient, and 
desorb on the low pressure side. To describe this model, we consider the product of 
diffusion coefficient D and solubility coefficient S, which is known as permeability 
coefficient Pa [3] 
 

. 
 
This coefficient contains the information about the complicated macroscopic structure of 
the amorphous material and can be extracted from experiments. Physically, it 
corresponds to the volume of permeant passing through a unit area of polymer per unit 
time, with a unit pressure difference across the sample, which is [4] 
 

 , 

 
where A is the area of the active core, p is the pressure of the active, h is the thickness of 
polymer layer, t is the time variable , and Vesc is the volume of 'escaped' actives within 
this time. In a rough approximation, the scaling relation between the pressure and the 
other thermodynamic quantities can be obtained through the equation of state for an 
ideal gas 

 

, 
 

where n is the amount of active in a volume V, R is the universal gas constant ad T is the 
absolute temperature. Using the relation between the density and the molecular weight 

 , 
we ultimately find that the permeability can be expressed as 
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where ρ is the density of active and m its molecular weight. 
By rewriting equation (5) in order to express the mass flux, we have 
 

  
 
From this relation we can estimate the typical release time for having a certain amount of 
active out of the polymer matrix. 
 

C. Estimation 
The typical concentration of encapsulated active load in milk is chosen as 5mg/L, while 
the maximum allowable leakage is 1%. We assume both active and polymer to have the 
same density as water, which is 1000kg/m3, and we use a value of 0.05 as weight fraction 
of active loading in the capsule. 
In order to use equation (6), we need a relation between the permeability and the 
molecular weight for the same substance. Experimentally, for small molecules such as O2 
and CO2, an exponential correlation between permeability and molecule kinetic diameter 
has been observed. This is shown in Figure 4. Note that here we will extend this 
correlation to molecules with molecular weight no larger than 1000g/mol.  

 

Figure 4: Permeability vs. Kinetic diameter of small molecules [4] 
On the other hand, by assuming a droplet model, the molecular weight is related to the 
kinetic diameter through the relation 

, 
 

where d is the diameter of molecule and NA is the Avogadro constant. At last, capsules 
are assumed to have a typical radius of 1µm, with an active core and 0.1 µm polymer 
layer as coating. 
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D. Discussion 
Figure 5 shows the time to release 1% active (years) as a function of the molecular weight 
of the active (g/mol). 
 

 

Figure 5: Time to release 1% active vs. Molecular weight of the active 
It is plausible that for actives with molecular weight around 100g/mol, 1 year 
entrapping time is achievable by using glassy state polymers. On the other hand, such 
capsule is quite permeable for small molecules with molecular weight around 10-20. 
When the polymer changes into more lose rubbery state due to trigger mechanism (low 
PH at HCl, for instance), entrapping time drops significantly to 10-8 years, which are at 
seconds level. This provides an ideal mechanism for delivering nutrients into human 
stomach. . Even when the capsule is in the glassy state small molecules, such as mineral 
salts, are seen to escape very fast. This may however be solved by first complexing them 
with a larger molecule.  

II. Encapsulation of hydrophobic actives using amylose−lipid inclusion complexes 
What are amylose-lipid complexes?  
Amylose is able to form inclusion complexes with various types of ligands where the 
hydrophobic parts of the ligands/lipids are entrapped in the hydrophobic helical cavity 
of amylase. This type of complex, resulting in the so called V-type X-ray pattern, 
normally has six glucose residues per turn to form left-handed single helix and have 
been found with iodine and linear ligands such as monoglycerides, fatty acids and 
alcohols. 
The amylose complexes exist in two polymorphic forms, type I and II, characterised by 
the temperature of their dissociation. Type I amylose complexes melt at a temperature 
about 10–30° below those of type II, depending on the types of ligands and the 
experimental conditions. Type II complexes have a crystalline structure while type I are 
in the amorphous state. Inclusion complexes with active ligands particularly flavour 
compounds with amylose are an emerging technique for encapsulation and it is 
suggested that starch-flavour complexes will provide protection during processing and 
storage because the complexes melt at high temperature. Besides pure amylose, potato 
starch was used in most of studies on inclusion complex (see figure 6), since it contains 
little or no internal lipid which interferes with the formation of the complex. 
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Figure 6: Inclusion Complexes between Amylose and FA or iodine  
 
The complexes are less soluble and precipitate or form a gel. They can be stabilized upon 
addition of a third component (maltodextrin), which interacts, with amylose (start) and 
sterically can stabilize the particles (aggregates). If additional protection is needed, the 
encapsulate can be coated with a secondary layer using fluid bed coating.  
 
Synthesis:  
spray drying semi-gelatinized or cross-linked starches or amylose in presence of lipids, 
and milled afterward to the right particle size.  
 
Factors: 
active type (chain length), amylase Mw, additives, kinetics  
 
Type of encapsulation:  
specific binding (inclusion complex), followed by glass/crystal formation (upon drying 
or precipitation)  
 
What can be loaded:  
lipids: fatty acids, fatty alcohols, monoglycerides (MG), emulsifiers, flavors.  
 
How much can be loaded:  
1–10% (g active/g complex). If the particles do not swell significantly in water, then to 
keep the product rheology around 0.1-1 wt% complexes can be added: thus the active 
concentration will be around 0.001-0.1 wt% (1 - 100 ppm). 
 
How stable upon storage (in milk):  
binding energy  
Colloidal/Physical: Stabilization of the particles/extra encapsulation – MD or other 
carbohydrate 
 
How it can be released:  
starch digestion, high temperature (>80C). Issue with sterilization (post addition) 
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Prior Art:  
Amylose−Lipid Inclusion Complexes well known (bakery, flavor 
encapsulation/degradation) - lot of patents and literature. There is a possibility of 
combining this with specific formulation, processing or both.  
 
Safety: 
Can be used in foods / all food-grade using food grade processes 
 
Cost / Scale up: 
mixing / spry drying / fluid bed coating  
 
Case study: 
We have performed self-consistent field calculations aimed to check the feasibility of 
scenarios of how lipid (fatty acids) can complex with amylose and then phase separate 
from an aqueous solution. As a full analysis is clearly not possible at this stage, we start 
with the Ansatz that the amylose forms locally a helical structure with an inner radius of 
order 1 nm and a slightly larger outer radius. We can present such a structure in a 
cylindrical coordinate system as a small hollow tube. The coordinate system and where 
the hollow tube is placed are shown in Figure 7.  
 
 
 
 
 
 
 
 
 

Figure 7. Two-gradient SCF calculations were performed with a long axis z = 1,...,30 
(from left to right) and a radial coordinate r = 1, ...,11. The mean field 
approximation is applied in a ring (z,r), where there are L(r) ~ 2�r sites. The 
hollow cylinder is in the region 1<r<6 and 1<z<8 as indicated by the light 
region. At r = 2 the cylinder is hydrophobic, at the other sides it is hydrophilic 

 
In this coordinate system reflecting (mirror-like) boundary conditions are implemented 
meaning that the tube is twice as long as indicated (i.e., 14 sites long) and is open on both 
sides. Recalling that the tube mimics a helical segment of an amylose fragment, the inner 
side of the tube is hydrophobic and the outer side as well as the front is hydrophilic (not 
indicated in figure 7). In this volume we assume the presence of a fatty acid with sixteen 
hydrocarbon segments (C) and two polar (O) groups, and the remainder of the solution 
is filled with water. The water phase is modelled as unimers (W).  
We are solving the partition function that contains all possible and allowed 
conformations of the fatty acid molecules in the vicinity of the hollow amphiphilic tube. 
The chain conformations are treated on the freely jointed chain level. Moreover the 
system is taken to be incompressible, which means that the volume is completely filled 
by either the hollow cylinder or the water of the units of the fatty acid.  
Central to the SCF approach is that we solve the mean field partition function of this 
problem, for which the free energy can be expressed in terms of the segment volume 
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fractions and corresponding segment potentials. The optimization of the free energy 
leads to the SCF machinery, which expresses the segment potentials as a function of the 
volume fractions and vice versa. When the SCF equations are solved we can compute the 
free energy and derived from this the grand potential.  

i
i

inF ∑−=Ω μ  (1) 
Here we use Flory-Huggins interaction parameters to specify the relevant interactions in 
the system. First of all there is the interaction between hydrocarbon segments with 
water. We know from the study of the CMC as a function of the chain length that 

6.1=CWχ . The interaction of O with W is taken to be favorable and the ad-hoc value of 
1−=OWχ  was chosen. Slightly less important is the fact that polar and apolar segments 

(C,O) is repulsive. Here we opted for 2=COχ . In combination with the molecular 
architecture it is possible (using the same SCF calculations, but in a different geometry) 
to evaluate the critical micellisation (calculations not shown), and we have estimated the 
value of 4104 −×=bϕ  (roughly equal to molar concentration). This volume fraction 
specifies the chemical potential of the surfactant (fatty acid), which is relevant when we 
consider the amylose-fatty acid complexation.  
When the fatty acids are introduced in the system (having excess water) specified in 
Figure 7, the head groups of the fatty acid adsorb onto the hydrophilic faces of the 
hollow cylinder (i.e. to the outside). Upon the increase of the fatty acid concentration, the 
adsorption increases and near the CMC value a condensation of the layer takes place and 
then a dense monolayer appears. This monolayer bridges with its mirror image sitting 
on a neighboring cylinders in the radial direction. Figure 8a shows the equal density 
contour plot for the head groups segments of the fatty acids and in Figure 8b we present 
the volume fraction distribution of the hydrophobic segments.  
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Figure: 8a 
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Figure: 8b 

Figure 8. The equilibrium distribution of (a) the head groups of the fatty acid (b) the 
hydrocarbon segments of the fatty acid, near the hollow cylinder shown in figure 
7. Details are given in the text. Interaction parameters with the cylinder are the 
following: Outside surface: 6−=SoOχ  (very weak H-bond), 0=SoCχ  and 

1−=SoWχ  (water prefers the outside over C). Inside surface 5.1−=SiCχ  
(weakly attractive), 2=SiWχ  (water does not like inside), 0=SiOχ  (head 
groups are indifferent). 

 
We mention once again that the chemical potential of the fatty acid is consistent with the 
CMC in the solution (highest possible concentration of the fatty acid in solution). To 
understand the distributions shown in figure 8 we should recall that the boundary 
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conditions are reflecting. This means that the fatty acids form some type of bilayer in 
between two neighboring cylindrical objects. Consistent with this, the tail density is high 
near the S11 (r = 11) boundary layers. The head groups, which have the highest density 
near the hydrophilic face of the cylinder (they are taken to adsorb preferentially at this 
face, e.g. through hydrogen bonding) and they form a cap around the hydrophobic 
region, simply to prevent too many contacts of the hydrophobic segments with water. 
Interestingly, the aggregated bulges out into the water phase and the end-cap is 
somewhat wider than the 'body'. This fact is known, e.g. from the shape of cylindrical 
micelles, for which the end caps are wider than the central body. 
Even though the inner volume of the hollow cylinder is very small, we can see from 
figure 8 that a fatty acid molecule has wormed itself inside the cavity. Of course this is 
assisted by the hydrophobic nature of the inner side of the cylinder.  
The fact that the fatty acid inserts itself inside the cylinder and that the affinity 
apparently overcomes the conformational entropy loss for doing so, we conclude that 
there is a positive driving force for it. In other words there is a free energy gain for 
inserting the fatty acid into the cavity. In the same token, we conclude that the insertion 
of a fatty acid helps the formation of the helical shape of the amylose chain.  
It must be understood that these results are very preliminary. To really predict the 
optimal structure (unit cell), we have to evaluate the equilibrium distance between the 
hollow cylinders, which in the above results was fixed as a constraint. We also should 
optimize how long the cylinder can be in order to have the optimal match for the fatty 
acid (for amylose this is assumed to be a value that can be adopted). Again, in the 
present calculations the length of the cylinder is imposed.  
The preliminary results discussed above prove that it is feasible to bind amylose 
molecules together with the help of fatty acids using very reasonable interaction 
parameters. This may help us to understand why the amylose-lipid complexes are 
insoluble in water and why these complexes phase separate. Hence, the amylose-lipid 
complexes can be the internal phase of a capsule. 
Returning to the capsule problem, we remind the reader that one can use these 
complexes to formulate a range of biologically active molecules. More specifically 
hexanal can be solubilised in the fatty-acid rich regions and receive an H-bond from the 
amylose molecules. Capsules made of the amylose-lipid complexes are easily digested 
and this gives a natural release mechanism for the active compound. The formulation of 
the amylose-lipid capsules should be possible using the casein molecules readily 
available in milk.  

III. Encapsulation of metal cations using mixed metal hydroxides 
What are mixed metal hydroxides? 
Clay is a versatile material used by mankind and nature and mainly consists of a stiff, 
sticky fine-grained earth. Clay particles, especially mixed metal hydroxides (MMH) (also 
called layered double hydroxide (LDH)), can be divided into cationic clays and anionic 
clays. The anionic clays are found in sporadic amounts in nature and in lattice structure 
they consist of positively charged layers with charge balancing anions in the interlayers 
(figure 9a). The cationic clays are the opposite of anionic clays. MMH are a class of ionic 
lamellar solids with positively charged layers with two kinds of metallic cations and 
exchangeable hydrated gallery anions.  
Of the types of mixed metal hydroxide the hydrotalcite is interesting for its use and 
properties in various fields in science, industry, and pharmaceutics and other. The MMH 
platelets thank their interest due to the property that they are an easy-to-synthesize class 
of colloidal, disk shaped materials that they also can be adapted chemically to contain 
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different metal ions and intercalated anions (see figure 9b). This class of inorganic 
compounds can easily be synthesized through various synthesis routes [5]. 
The general formula of a MMH is [M2+1-xM3+x(OH)2]b+[An-]b/n · m H2O, where M2+ and 
M3+ represent the mixed metal cations (such as Mg 2+,Fe2+ and other), (OH)2 making it a 
double hydroxide, b represents the charge of the layer, anion An- and m H2O situated in 
the interlayer area. 
 

  
(a)          (b)  
 

Figure 9: (a). MMH host lattice of hydrotalcite; (b). Transmission electron micrograph 
picture of hydrotalcite particles [14]. 

The ordering of hydroxide layers is similar to that of brucite, [Mg(OH)6]4- where each 
Mg2+ cation is octahedrally surrounded by 6 OH- anions and the different octahedral 
[Mg(OH)6]4- groups share edges to form infinite sheets. In table 2 (Appendix 2) is shown 
a small overview of the types of mixed metal hydroxides known and the type of metals 
that can be combined inside the MMH structure.  
Of the MMH family the mineral hydrotalcite (general formula Mg6Al2CO3(OH)16 • 4 
H2O) is commonly used and the Mg2+/Al3+ isomorphous substitution in the octahedral 
sites of hydroxide sheet results in a net positive charge. The hydrotalcite sheet with their 
net positive charge is balanced by interlayer anionic species. To give an impression of the 
amount of anion that can be stored in a hydrotalcite, models have calculated that up to 
20 lattice layers there are more than 2000 anions present per layer [4]. Most synthetic 
anionic clays contain a small amount of carbonate in the anionic interlayers. This is due 
to the presence of CO2 in the atmosphere. Carbonate is the most stable anion in a MMH 
because carbonate binds tightly in the interlayers and it is therefore difficult to remove 
from the MMH structure [7]. 
 
Synthesis: A commonly used route to synthesize MMH colloidal particles is co-
precipitation under basic conditions of salts with different M2+:M3+ ratios, after which the 
solution is aged at elevated temperatures. In this way particles can be synthesized with 
typical sizes between 20 and 400 nm and a polydispersity of 20-40%. 
 
Type of encapsulation / what can be loaded: It is possible to encapsulate a range of metallic 
cations (see table 2 in Appendix 2) by incorporation into the metal hydroxide layers. 
Charge balancing anionic species can be placed in the interlayers and can be of various 
type, which include inorganic [7], organic [8], drug molecules and even DNA [9]. Figure 
10 shows how MMH can host free fatty acids (which are food grade), like stearate inside 
its interlayer [10]. 
 

Mg(OH)2 

Al(OH) 2+ 
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Figure 10: Stearate bilayers in (Mg/Al) LDH framework: (a) tilted stearate bilayer and 
water molecules in LDH; (b) the regular packing of stearate molecules. 

How much can be loaded: Metal cations can be incorporated in the metal hydroxide layers 
at a high loading. Hydrotalcite (Mg6Al2CO3(OH)16 • 4 H2O) contains 24 wt% Mg and 9 
wt% Al, whereas pyroaurite (Mg6Fe2CO3(OH)16 • 4 H2O) contains 17 wt% Fe. For anionic 
interlayer dopants typically one molecule per 8 metal atoms can be included. It should 
be possible to load dairy products with 0,1 wt% MMH, without changing the rheological 
properties. At significantly higher concentrations the rheological properties will change 
(see Figure 11b) and gel structures or liquid crystal phases may eventually form [12]. 
Within the typical range of mineral loadings in foods and beverages ,the rheology is 
unaffected. Furthermore, the concentration of free metal cation is expected to be well 
below the taste threshold for metal ions, since the minerals are strongly attached to the 
LDH framework. 
 
How stable upon storage: from experience we know that colloidal dispersions of clay 
particles can be stable for years. 
 
How it can be released: The release of metal ions starts at pH 3 and at pH 1 the MMH is 
completely dissolved [11]. Figure 11a shows that at low pH the percentage of 
hydrotalcite dissolution steeply increases. Based on experimental experience the MMH is 
insoluble in water at pH 7.  
 
Prior Art: Hydrotalcites have been used for medical purposes and therefore we expect 
that they can be used in foods, but we are unaware of a food grade label. 
 
Safety: Their generally non-toxic nature allows MMH to be used in the formulation of 
materials with applications in storage, delivery and controlled release of pharmaceutical 
and other compounds. A known example of MMH is its effective medical application 
against heartburn. The hydroxides from the MMH will bind to the protons in your 
stomach. Water will be formed and that will contribute to buffer your stomach to pH 3-4.  
 
Cost / Scale up: In literature many examples are available to scale up the production of 
MMH. 
One example is to use a colloid mill to fabricate MMH of several tonnes per year [13]. 
The costs of the chemicals used for the synthesis are low. 
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Figure 11: (a) Dissolution of hydrotalcite as a function of pH [11]; (b) Viscosity of 
hydrotalcite as a function of w%: x, as prepared; ϒ, after shaking [12]. 

IV. Encapsulation inspired by nature 
Development of new technologies is often based on nature, which is formally known as 
biomimicry. It involves the study of nature's design and applying the knowledge to 
solve human problems, e.g. the lotus effect (superhydrophobicity). Further investigation 
on our goal of encapsulation of metal ions and small bioactive molecules guided us also 
back to nature.  
 
  
 
 
 
 
 
 
 

Figure 12: Encapsulation in nature: various kind of pollens (left[22]), sea urchin (middle) 
[20] and HIV-virus (right) [21]. 

Encapsulation is encountered in nature in a wide range of intriguing and highly efficient 
systems (see figure 12). This strategy is for instance applied in skin, pearls, fruit, sea and 
eggshells, and also every cell is encapsulated by a membrane. Different environments 
make needs of different mechanical properties and therefore nature has developed 
multiple mechanisms to create encapsulation with different stabilities. We were 
especially interested in crystal encapsulation as found in eggshells and seashells. 
 
The use of biogenic minerals by living organisms creates properties that differ from the 
inorganic counterparts- exactly what we are looking for. Mineralized tissue has been 
found in a wide range: egg and sea shells using calcium carbonate or eukaryotic animals 
called diatoms that have highly structured silica shells. These are structured to such a 
degree that even MEMS-technology is not able to reproduce them as seen in figure 13. 
The 'emptied' capsules have already been used in e.g. toothpaste. Further investigations 
are focused now on the use as a drug delivery system even guided by chemo taxis [20].  
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Figure 13: Various forms of diatoms and a possible function in drug delivery [19].  
To use nature ideas the mechanism has to be understood. Investigations in egg and 
seashells showed that there is most likely a four-step mechanism that creates the crystal 
structure. 
In the beginning a microenvironment has to be created, that implies crystal production at 
a certain localisation but prevents it of unwanted expansion. In general it is a 
hydrophobic ordered structure that creates a scaffold for a polyanionic protein that is 
needed for Ca2+-binding. The need of their specific properties is not just in binding 
calcium ions due to high number of aspartic and glutamite amino acids but also in their 
secondary structures. Both steps are necessary to activate nucleation and additional 
proteins e.g. OC-17 (see figure 14) influence structure and orientation of the crystal layer 
but also determine the arrest of the crystal layers [17,18].  
  

 

Figure 14: The four-step mechanism of the crystal process [17] and the structure of OC-
17, a specific protein that works as a catalyser [19].  

The knowledge of the precise mechanism in combination with the use of genetic tools 
could give us the possibility of encapsulation of a metal ion of interest. Besides 
encapsulation of molecules, a second requirement of the desired system is fast release 
upon the pH trigger in the stomach. It is well known that eggshells dissolve in acidic 
environment and release calcium ions, which is very likely to be a more generic 
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mechanism of similar structures. Understanding nature's mechanism and its tools gives 
rises to ideas for technology developments not just for encapsulation but also for all 
scientific environments. 

Conclusions and recommendations 
In order to entrap active ingredients in capsules by a dense polymer matrix, a spherically 
symmetric percolation model yields reasonable results. The large difference (~ten 
magnitudes) on diffusion time between of 'big' active molecule and of 'small' trigger 
molecule, as well as between through glassy polymer barrier and through rubbery 
polymer barrier, provides a possible mechanism to store actives for years in milk while 
release them in seconds in human stomach. 
Nevertheless, there are two main approximations in the calculation, which may limit the 
validity of this model: 

1. The permeability of active ingredients with 100-1000g/mol molecular weight is 
obtained by fitting small gas molecules' data 

2. The pressure of actives within the polymer matrix is derived by applying the 
state equation of an ideal gas 

The overall effect of these two approximations is an over-estimation of diffusion time. In 
a future model more accurate approaches should be used. 
 
From the approach to bind the active ingredients in capsules through binding 
mechanisms, mixed metal hydroxides represent a promising candidate for 
encapsulation of metal ions and biomolecules. This versatile type of inorganic 
encapsulates/containers can easily be tuned to your desired parameters and properties. 
The conclusions about MMH as encapsulate are summarized as followed: 

 Easy synthesis and tailoring properties/size 
 Encapsulation metal ions and biomolecules possible 
 High loading 
 Release mechanism at low pH 
 Sterilization possible 
 Long–term stability 
 Used in medicine 
 Cost are low / simple process (scale-up) 

Experiments should be performed to determine the performance of interesting MMH in 
the actual product and processes. 
 
The development of new encapsulates may be improved by using self-consistent field 
calculations, as shown in the amylose-lipid example, and by looking at nature's way of 
encapsulating. Nevertheless, basic research has to be done to figure out the binding 
strength, maximum loading capacity, heat treatment, high shear forces, long-term 
stability, etc. 
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Appendix 1 
Mineral deficiencies 
Humans need various micronutrients (for example minerals) for health, survival and 
well-being. Minerals are micronutrients that are required to regulate processes within 
the body. Minerals are present in different forms within the body, e.g, in enzymes, 
hormones, skeletal bones, skeletal tissues, teeth and fluids1. Calcium and phosphorus are 
the two most common minerals found in the body. Other minerals that can be found in 
the body are iron, zinc, sodium, potassium, magnesium, sulfur, copper, chloride. 
Mineral deficiency occurs when the concentration of (some of the) minerals essential to 
human health is low in the body. A low mineral concentration can be defined as that 
concentration leading to impairment in a function dependent on the mineral1. 
Of the sixteen essential minerals, 11 of them are required in such small amounts and/or 
are so abundant in food and drinking water that their deficiencies are uncommon2. The 
remaining five are present in minor quantities in most foods, so an unbalanced diet can 
easily result in deficiencies. These minerals are iodine, iron (Fe), zinc (Zn), calcium (Ca) 
and selenium (Se). For example, iron deficiency leads to anemia (and may lead to other 
symptoms too); iodine deficiency leads to goiter (swelling in the thyroid gland leading to 
swelling of the neck).  
 
According to certain sources on internet, even in developed countries many deficiencies 
are present. Table 1 shows some examples for the United States. 

Table 1: Percentage mineral deficiencies in the United States 
Deficiency U.S. Population 
Magnesium 75 % 
Iron 58 % 
Copper 81 % 
Manganese 50 % 
Chromium 50 % 
Zinc 67 % 

 
To avoid deficiencies, food can be fortified. Fortification is a means to increase the 
amount of micronutrients to a higher level than that found in normal, unprocessed food. 
In some cases, fortification can be achieved by simply adding these minerals3 and 
micronutrients6. However, in many cases it does not work, because of difficulties in 
achieving a satisfactory load without affecting colour, taste and/or odour. Iron, for 
example, may react with fatty acids in the fortified food, forming free radicals that 
induce oxidation.  
 
These micronutrients can therefore be coated with a protective shell (either by covering 
the micronutrient directly with a coating or by coating a complex containing the 
micronutrient where the complex may also consist of the coating material) to keep the 
desired colour, taste and/or odour. The coating of active substances for protective 
purposes (e.g. micronutrients) is called encapsulation. Encapsulation may also (1) permit 
controlled release of the nutrients in time, (2) enhance the stability of ingredients to 
extreme conditions during processing, (3) improve flow properties and (4) reduce 
dusting when nutrients are added to dry mixes. 
Note that after encapsulation, the encapsulated micronutrient still needs to have a high 
bioavailability. Bioavailability is defined as the fraction of an administered dose of 
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unchanged drug that reaches the systemic circulation. So, after encapsulation the 
micronutrient should not only become available in the human body, but also be taken 
up.  
Several different procedures exist for encapsulation (see, for example, Pegg and Shahidi4 
or Gouin5). However, encapsulates that are commercially available do not fullfill the 
requirements (no release in aqueous product at neutral release and rapid release in the 
gut, high shear and temperature stability and small encapsulate size) or they are too 
expensive. 
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Appendix 2 
 
Table 2: Example of various types of mixed metal hydroxide minerals/colloids 
Type of mixed metal hydroxide Structure formula 
Hydrotalcite Mg   6 

Al   2 
[(OH)   16 

|CO   3 
] · 4H  

2 
O

 
Pyroaurite Mg   6 

Fe3+
2  

[(OH)   16 
|CO   3 

] · 4H  
2 

O
 

Stichtite Mg   6 
Cr  

2 
[(OH)   16 

|CO   3 
] · 4H  

2 
O

 
Desautelsite Mg   6 

Mn3+
2  

[(OH)   16 
|CO   3 

] · 4H  
2 

O
 

Takovite Ni   6 
Al   2 

[(OH)   16 
|CO   3 

] · 4H  
2 

O
 

Reevesite Ni   6 
Fe3+

2  
[(OH)   16 

|CO   3 
] · 4H  

2 
O

 
Sergeevite Ca  

2 
Mg   11 

(CO  
3 

)   13 
·10H   2 

O
 

Brugnatellite Mg   6 
Fe3+

   
[(OH)   13 

|CO  
3 

] · 4H  
2 

O
 

Coalingite Mg   10 
Fe3+

2  
[(OH)   24 

|CO   3 
] · 2H  

2 
O 

 
Ankerite Ca(Fe2+

   
,Mg,Mn2+

   
)(CO   3 

)   2 
 

 
Scarbroite Al   5 

(OH)   13 
CO  

3 
·5H   2 

O
 

Indigirite Mg   2 
Al   2 

[(CO   3 
)   4 

(OH)   2 
] · 15H  

2 
O

 
Alumohydrocalcite CaAl   2 

(CO   3 
)  2 

(OH)   4 
·3H   2 

O
 

Para-alumohydrocalcite CaAl   2 
(CO   3 

)  2 
(OH)   4 

·6H   2 
O

 
Tunisite NaCa  

2 
Al   4 

(CO   3 
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(OH)   8 
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Wermlandite Ca  
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CO   3 

(OH)   42 
·29H  
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O
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