
   
 

 

ABSTRACT 
Swallowing disorders, or dysphagia, is a 

growing problem especially as the 
population gets older. Fluid thickening is a 
well-established strategy for treating 
dysphagia, but the effects of thickening on 
the physiology of impaired swallowing are 
not fully understood and the relations to 
basic rheology are scarce. Commercial 
thickeners studied showed different 
behavior in both shear thinning, yield stress 
and first normal stress difference, and even 
larger differences in extensional viscosity.  

 
INTRODUCTION 

Swallowing disorders, or dysphagia, is a 
growing problem especially as the popu-
lation gets older. Already over 50 years of 
age 22% suffer from swallowing disorders 
and in the age group above 70, 40 % suffer 
due to factors such as degenerative diseases 
and side effects of medication1. It is 
estimated that 99 million people, i.e. 8% of 
the world population suffers from 
dysphagia2. These persons must eat texture 
adjusted foods. 

Healthy individuals apply highly 
unconscious, but very well coordinated 
strategies for the oral processing producing 
easy-to-swallow boluses. People who suffer 
from dysphagia have impaired swallowing 
mechanisms. One serious case is when the 
epiglottis does not fully function and food or 
beverage leaks into the larynx (aspiration), 

which is common in the elderly population. 
Dysphagia is a prevalent symptom in 
degenerative diseases such as stroke, 
dementia, Parkinson’s disease and 
Alzheimers’s disease. Swallowing disorders 
covers a broad range of problems, from 
coughing during meals to malnutrition, and 
30-60% of the patients in homes for the 
elderly are estimated to be malnourished3. 
Foods that give a better controlled passage 
through the opening to the larynx, even with 
a malfunctional epiglottis, will make a 
significant contribution to an improved 
quality of life for people with dysphagia.  

Fluid thickening is a well-established 
management strategy for dysphagia. Fluid 
foods are thickened with hydrocolloids 
which provide increases shear and 
extensional viscosity. However, the effects 
of thickening on the physiology of impaired 
swallowing are not fully understood and the 
relations to basic rheology are scarce4. 
Fluids are commonly thickened using 
commercial thickeners consisting of 
mixtures of hydrocolloids such as starches, 
guar and xanthan, to a perceived consistency 
or to a measure of shear viscosity at a 
specific shear rate, typically 50 s-1. The 
guidelines vary according to country, but the 
American Dietetic Association guidelines 5 
are often referred to. They give a perceived 
consistency and apparent viscosity at an 
apparent shear viscosity at 50 s-1 as 
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ABSTRACT
A high sensitivity system for capillary
rheometry capable of simultaneously de-
tecting the onset and propagation of insta-
bilities and the first normal stress differ-
ence during polymer melt extrusion flows
is here presented. The main goals of the
study are to analyse the nonlinear dynam-
ics of extrusion instabilities and to deter-
mine the first normal stress difference in
the presence of an induced streamline cur-
vature via the so-called ’hole effect’. An
overview of the system, general analysis
principles, preliminary results and overall
framework are herein discussed.

INTRODUCTION
Capillary rheometry is the preferred
rheological characterisation method for
pressure-driven processing applications,
e.g. extrusion, injection moulding. The
main reason is that capillary rheometry is
the only method of probing material rheo-
logical properties in processing-like condi-
tions, i.e. high shear rate, nonlinear vis-
coelastic regime, albeit in a controlled
environment and using a comparatively
small amount of material.1 Thus, it is
of paramount importance to develop new
techniques to enhance capillary rheome-
ters for a more comprehensive probing of
material properties. Extrusion alone ac-
counts for the processing of approximately
35% of the worldwide production of plas-
tics, currently 280⇥ 106 tons (Plastics Eu-
rope, 2014). This makes it the most im-
portant single polymer processing opera-

tion for the industry and can be found in
a variety of forms in many manufacturing
operations. Extrusion throughput is lim-
ited by the onset of instabilities, i.e. prod-
uct defects. Comprehensive reviews on the
subject of polymer melt extrusion insta-
bilities can be found elsewhere.4,6 A re-
cent method proposed for the detection
and analysis of these instabilities is that of
a high sensitivity in-situ mechanical pres-
sure instability detection system for cap-
illary rheometry.8,10 The system consists
of high sensitivity piezoelectric transducers
placed along the extrusion slit die. In this
way all instability types detectable, thus
opening new means of scientific inquiry. As
a result, new insights into the nonlinear dy-
namics of the flow have been provided.9,14

Moreover, the possibility of investigating
the reconstructed nonlinear dynamics was
considered, whereby a reconstructed phase
space is an embedding of the original phase
space.2,14 It was shown that a positive Lya-
punov exponent was detected for the pri-
mary and secondary instabilities in lin-
ear and linear low density polyethylenes,
LDPE and LLDPE,.14 Furthermore, it was
determined that Lyapunov exponents are
sensitive to the changes in flow regime and
behave qualitatively different for the iden-
tified transition sequences.14 It was also
shown that it is possible to transfer the
high sensitivity instability detection sys-
tem to lab-sized extruders for inline ad-
vanced processing control and quality con-
trol systems.13

A very recent possibility considered
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• Thin: < 0.05 Pas 
• Nectar like: 0.05-0.35 Pas 
• Honey like: 0.35-1.75 Pas 
• Spoon thick: >1.75 Pas 
 
In the present study shear and 

extensional rheology of various commercial 
thickeners for dysphagia management have 
been determined, with specific emphasis of 
demonstrating the effect of fluid elasticity 
on safe swallowing6. 

 
RESULTS AND DISCUSSION 

Fluids with thickeners from the major 
suppliers in the dysphagia were 
characterized regarding shear rheology 
(viscosity, yield stress and first normal 
stress difference) using both a laboratory 
rheometer and an in-line ultrasonic tube 
viscometer7. The latter was used to assure 
similar flow conditions as the flow through 
the swallowing tract (pharynx and 
esophagus). Commercial thickener solutions 
were compared to model fluids (Newtonian, 
Boger and shear thinning) 6. The extensional 
viscosity was determined using Hyperbolic 
Contraction Flow6 at fixed Hencky strain. In 
order to compare at equal conditions the 
concentration of thickener was adjusted to 
give an apparent shear viscosity of 0.55 Pas 
at 50 s-1. 

The commercial thickeners showed 
different behavior in both shear thinning, 
yield stress and first normal stress 
difference, and even bigger differences in 
extensional viscosity. The fluids containing 
xanthan displayed in general higher 
elasticity as expressed by the extensional 
viscosity than fluids based on starch. 

  
CONCLUSIONS 
The main conclusion of the study is that 
rheology is needed in the area of clinical 
dysphagia management. It is not sufficient 
to specify an apparent shear viscosity at a 
single shear rate because the fluid foods and 
thickened drinks vary considerably in their 

extended rheological properties, which has 
an effect on such a complex flow as 
swallowing represents. 
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Biofilms comprise bacteria embedded in a 
matrix consisting of polysaccharides, 
extracellular DNA, proteins and lipids.1 
Aquatic biofilms play an important role in 
sediment stabilization in riverine systems. 
The antimicrobial properties of silver 
nanoparticles (AgNP) led to a wide range of 
applications in consumer products.2 As a 
consequence there is an increasing release of 
AgNP into aquatic environments.2 AgNP are 
supposed to be a continuous source for 
silver ions (Ag+) 3 which can bind to 
functional groups of the biofilm 
constituents, leading potentially to a 
decrease in the number of possible 
intermolecular interactions and, thus, 
reduced stability of the network. An 
impairment of the sediment stabilization due 
to enrichment of the AgNP in the biofilms 
might be detrimental to the whole 
ecosystem.  

Hence we studied the mechanical 
properties of A. citratiphilum biofilms by 
means of rheology. The bacterium chosen is 
representative for a numerically dominant 
group of bacteria in different freshwater 
habitats. The biofilms were exposed to 
environmenally relevant concentrations of 
AgNP. In order to distinguish physical 
effects, resulting from the presence of the 
nanoparticles in the biofilms, from effects, 
due to the activity of the Ag+-ions, we 

studied biofilms exposed to Ag+-ions as 
reference. The impact of the AgNP and Ag+-
ions on the mechanical properties of the 
biofilms were in particular analyzed by 
means of creep and recovery tests at various 
stress levels. 

Creep and recovery could be described 
by a modified Burgers model. The tests 
revealed that the relaxation of the biofilms 
in response to a stress step function is 
characterized by a fast and slow relaxation 
process and viscous flow. Ag+-ions and 
AgNP lead to an increased viscosity of the 
biofilms. The presence of the AgNP causes 
a softening of the biofilms due to a 
destruction of the physical crosslinks 
responsible for the fast relaxation process. 
As a consequence the dissipative portion in 
the recovery curve increases. This is not 
observed for the biofilms loaded with Ag+-
ions. Neither AgNP nor Ag+-ions affect the 
slow relaxation process. 

The presence of the AgNP indeed 
perturbs the cohesion of the biofilms, but the 
detrimental effect is not due to the release of 
Ag+-ions but is most likely due to the 
particulate character of the nanoparticles.   
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BIOFILM MA3273/3-1 and MASK 
SCHA849/16). 
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