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Abstract

A rheological study of hyaluronan and sodium
hydroxide at different concentrations

Ellen Sjövall

Abstract
This thesis examines how the rheological properties change depending on the 
composition of hyaluronan, HA and sodium hydroxide, NaOH. This was performed 
to see if there was any relationship between the rheological properties of a sample 
depending on different compositions of HA and NaOH. Moreover, the fluidity of the 
samples was studied by investigating tan delta. Five concentrations of HA (11, 18, 
20, 25, 33 wt%) were investigated with six concentrations of NaOH (0, 1, 2, 4, 6, 8 
wt%). Rheology was used to determine rheological properties of the composition 
and the rheometric data was obtained from three different measurements: time 
sweep, frequency sweep and amplitude sweep. G', G'' and tan delta were 
investigated but no clear correlation was found. However, some patterns were 
detected for frequency sweep and amplitude sweep. The graphs generally followed 
the same shape and the compositions with 11% HA generally had the lowest G' and 
G'' values. Additionally, the majority of the samples, that could be measured, could 
be defined as fluids, due to tan delta being higher than 1. 
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1. Introduction 

1.1 Background 
Since the demand is growing rapidly for cosmetic fillers, the development and improvement of such 
products are important (Bogdan Allemann & Baumann 2008). The number of procedures with 
hyaluronan alone in the US in 2015 was over 2 million. (The American Society for Aesthetic Plastic 
Surgery n.d.).  
 
Hyaluronan, HA, based dermal fillers are both biocompatible and nontoxic and were developed as an 
alternative to collagen fillers which were the first type of biological dermal fillers used in the 1980's. 
Today animal-derived collagen fillers are almost completely replaced by HA based fillers. With 
longer duration and without the need for prior skin allergic testing it is a better alternative to 
animal-derived collagen. 
 
HA’s ability to bind water makes it perfect for adding volume under the skin. The HA gel in fillers are 
crosslinked to various degrees in order to make it into a gel. Different crosslinking agents and 
concentrations of HA are used in the cross-binding process depending on fabricate. 
 
During the crosslinking of HA into a filler, a mix of HA, NaOH and a crosslinking agent is incubated 
until the HA chains are crosslinked. The efficiency of the mixing procedure is influenced by 
rheological properties of the mix which varies greatly with the concentration of both HA and NaOH 
(Bogdan Allemann & Baumann 2008).  

1.2 Galderma 
The rheological properties of HA mixtures with different concentration of both HA and NaOH is an 
interesting area of research for aesthetic companies. Studying the rheological properties helps 
aesthetic companies, like Galderma, to improve their products by making them more resistant. 
Galderma develops dermal HA fillers which are injected into various layers of the skin depending on 
the desired effect. Each layer has a unique structure which exposes the injected fillers to different 
deformation forces. This project is a collaboration between the company Galderma and Uppsala 
University and its focus is understanding the rheological properties of different compositions of HA 
and NaOH with hopes to increase the company’s knowledge about HA. 
  
Galderma was founded by Nestlé and L'Oréal in 1981 and is represented in over 80 countries. The 
company has today 34 affiliates and around 5500 employees (Galderma n.d.). Galderma Uppsala is a 
one of Galderma’s affiliates and is located in Uppsala. The company was originally Q-Med AB, 
founded in 1987 by Bengt Ågerup. Ågerup had a patent for the technology for production of 
crosslinked hyaluronan that is called NASHATM, i.e. non-animal stabilized hyaluronic acid (Galderma 
Nordic AB Galderma n.d.). Galderma Uppsala provides treatments of different skin conditions such as 
acne, rosacea, psoriasis, pigmentary disorders and skin cancer (Galderma Galderma n.d.). Besides 
medical skin care, the company also offers aesthetic solutions such as biological fillers based on HA 
(Nestlé Skin Health n.d.).  
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In order to maintain its leading position in dermatology, Galderma must constantly develop its 
products and thus make the aesthetic solutions better. An important aspect in the company’s 
development of its products is to study the properties of HA and how it is affected by various factors 
such as pH, temperature or different deformation forces. This in order to develop new products and 
improve already existing ones.  

1.3 Aim 
This project concludes in a bachelor thesis, based on a laboratory study on the rheological behavior of 
HA and sodium hydroxide at different concentrations.  
 
The project aimed to find a relationship between different concentrations of HA and sodium 
hydroxide, NaOH, in solutions which has not yet been studied. To manage this, the rheological 
properties of different samples were studied and how they changed depending on the composition of 
the samples. A part of the experiment was to investigate and decide which compositions were fluids 
with the rheological testing. Hopefully, it would be possible to see a pattern between the compositions 
that were investigated. The instrument used for measuring the rheology was a rheometer.  

2. Theory 
In order to reach the project aim, prior studies about the properties of HA were taken under 
consideration. Knowledge about the chemical properties, functions and degradation was important to 
understand the molecule and establish theories about its behavior. Since the aim included rheological 
studies a part of the theoretical section is devoted to viscosity and rheology. Understanding the theory 
behind this gave the project an advantage when analyzing the results, for example if the results 
seemed reasonable. Finally, the investigation of which compositions were fluid required theoretical 
knowledge about HA’s behavior in fluids.  

2.1 Hyaluronan 
HA is an unbranched glycosaminoglycan composed of repeating disaccharides, see figure 1. Its 
complex structure took 20 years to determine (Garg & Hales 2004). Originally HA was named 
hyaluronic acid (as it is sometimes called even today) however the correct name is either hyaluronan 
or sodium hyaluronate. HA can be extracted from many different tissue sources such as synovial fluid, 
rooster comb and umbilical cord. The extraction has shown to be difficult due to retained protein. This 
problem was finally solved when the mechanism of biosynthesis was discovered. 
  
HA has many areas of applications such as treating joint disorders, arteritis and cosmetic use. Despite 
the enormous market there are still a lot of things to be learned considering chemical properties of 
HA. For example, the degradation, effect of different pH-values, rheological behavior etc. needs to be 
further studied.  
  
The reason for an increasing interest and amount of studies on HA-solutions is because it has complex 
behaviors, especially when looking at the viscosity. The conformation of HA at physiological 
conditions is very stiff and extended due to the deprotonation of the carboxylic group (Malmquist & 
Rydén n.d.). The now negatively charged molecule interacts with Na+ in the body which will make the 
molecule rigid. However, the rheological behavior in non-physiological conditions are not fully 
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determined. Therefore, this project aims to discover a relationship between different concentrations 
when looking at the viscosity in non-physiological conditions.  
 

 
Figure 1. The molecular structure of HA. 

2.1.1 Hyaluronan chemical properties and natural functions 
HA is one of a group of polysaccharides which exist naturally and is commonly found in the 
connective tissues of vertebrates. These polysaccharides were formerly known as acid 
mucopolysaccharides but are now classified as glycosaminoglycans. HA differs from most of the 
other glycosaminoglycans partly because it is synthesized in the plasma membrane rather than in the 
Golgi bodies and therefore does not contain any peptides. HA also has a much larger molecular 
weight despite the fact that HA, like other glycosaminoglycans, consists of a single polysaccharide.  
 
The synthesis of HA is made by a membrane integrated protein which adds sugar units from 
nucleotide precursors to the chain on the cytoplasmic part of the membrane. The protein then 
translocates the chain by throwing the chain into the pericellular space. The synthesis of HA can be 
repressed or activated depending on environmental changes. 
 
HA’s uniformity of structure does not restrict its biological roles since this is overcome by the specific 
HA binding sites that have evolved in other matrix molecules and on cell surfaces. Attributes also 
arise from its large molecule mass which gives its specific role in the extracellular matrix (Fraser et al. 
1997). HA macromolecule are also one of the most hygroscopic molecules in nature.  
 
The viscosity of HA makes it an ideal biological lubricant by reducing the workload during rapid 
movements and it is therefore abundant in the fluids of synovial joints, tendon sheaths and bursae. HA 
also has a vital role in the healing process of wounds. Another interesting property is that it may have 
effects on ion flux due to the effect that it is fully ionized in physiological conditions. The ion flux is 
important in cellular signaling through membrane ion channels. These properties of HA can be further 
modified depending on the physiological need (Bogdan Allemann & Baumann 2008). 
 

2.1.2 Degradation of Hyaluronan 
Degradation of HA at different pH-values is important for clinical use since a degraded sample could 
give incorrect results. NaOH, when added to HA, immediately starts breaking it down which made it 
important for the project to take into account. How HA degrades has been somewhat studied, for 
example by using kinetics measurements for pH-values 3, 7 and 11. HA molecules proved to degrade 
by random chain scission at the glycosidic bonds due to that a linear correlation between  versus1

Mw  
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time was discovered (Tokita & Okamoto 1996). This concluded that the reaction was a first order 
reaction but also that pH strongly determines the degradation rate for HA in aqueous solutions. 
 
For lower pH-values (5 and lower) the rate constant for degradations presented linearly dependent on 
the HCl concentration (Tømmeraas & Melander 2008). This too followed the first order kinetics when 
plotting  versus time.1

Mw  
 
HA with high NaOH concentrations has also been investigated by using the Arrhenius 
equation.(Lekander et al. 2016).The conclusion of the study was that by determining the activation 
energy (which was lower than prior studies had found) HA degrade at a higher rate in a strongly basic 
environment compared to an acid one. However, since this project was executed in room temperature 
the degradation was relatively slow.  

2.2 Viscosity 
A solution's internal resistance decides its viscosity. For example, syrup has higher internal resistance 
than water and consequently higher viscosity (Samuelsson & Malmquist n.d.)Therefore, in order to 
study the difference in consistency of HA and NaOH at different concentrations, the viscosity of the 
samples were examined. Viscosity is defined as shear stress over rate of shear. Should the shear stress 
be directly proportional to the rate of shear, the solution is defined as a Newtonian fluid. However, 
Newtonian fluids does not include more complexed fluids such as solutions containing polymers, for 
example HA in solutions.  
 
A molecule's size greatly affects a solutions viscosity. Therefore, due to a polymer's large size, a 
solution containing polymers will have high viscosity even at low concentrations(Atkins & de Paula 
2010). The viscosity varies at different states. In general, increasing temperature and decreasing 
pressure for a polymer-solution will increase the viscosity.  
 
For fluids, rheology can be used to study its viscous properties. There are two general methods for 
studying this, capillary viscometry and rheometry. Rheometry has a larger area of application and is 
used for non-Newtonian fluids, such as HA in a solution. While capillary viscometry is not optimal 
for non-Newtonian fluids since under shear stress the non-Newtonian fluid will behave shear thinning. 
This could make the results for a non-Newtonian fluid present as if it were a Newtonian fluid (af 
Rosenschöld et al. 2017). 

2.2.1 Rheology 
Rheology can be described as the study of how fluid materials flows. All fluid materials have the 
ability to flow to different extent depending on how much force is applied, in what direction the 
material is flowing and for how long it flows. It was at the end of 1920 the word rheology was 
invented, and since people have used the term to describe how fluid material deforms in response to 
forces (Janmey & Schliwa 2008). 
 
One of the instrument used for measuring rheology is a rheometer, see figure 2. A rheometer is a 
precision instrument that contains the material of interest in a geometric configuration. The rheometer 
controls the environment around it while applying and measuring the range of stress, strain and strain 
rate. When performing a measurement, the material is applied on a peltier plate. During measurements 
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where the temperature should be constant a peltier plate which keeps the wanted temperature can be 
used. A geometry is pushed towards the material until a certain gap is reached. During the 
measurement the geometry oscillates with rotation, and the deformation of the material is analyzed 
(Franck n.d.). 
  

 
Figure 2. An illustration of a rheometer. 

 
When choosing geometry, it is important to look at the properties of the investigated sample. For 
example, when measuring a sample with low viscosity, the behavior of the sample can be turbulent 
which can increase the flow resistance. In those cases, preferably a truncated cone can be used. A 
truncated cone is a cone where the tip is removed, see figure 3. When the geometry is pushed towards 
the peltier plate the gap becomes the required distance as if the tip still was present. Advantages of 
using a cone is that the shear rate and shear deformation is constant in the entire conical gap. Also, a 
smaller amount of sample is required using a cone and air bubbles will be pressed out of the gap when 
setting the gap due to its conical shape. Finally, a cone makes it possible to generate a similar flow 
field throughout the measurement (Mezger 2006). 
 
 

 
Figure 3. Cone with a truncation. R, ratio of the geometry. a, truncated distance. α, angle of the cone. 

2.2.2 Rheology for dermatological fillers 
HA fillers implanted on facial areas are designed in different ways. The design depends much on the 
deformation forces that are present in the areas where the fillers are injected. Using rheology to 
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understand how the deformation forces affects the fillers is for many clinicians a key to achieve a 
natural look in their patients. Rheology is a study that helps to make facial correction more 
predictable. The fillers implanted in the face are exposed to forces from both the intrinsic and extrinsic 
sources. An example of the force from the external surface is eating while the internal force can come 
from the tensions between a bone and a muscle or fat. A rheological property that is significant for 
designing of fillers is viscoelasticity. Viscoelasticity describes both the elastic and viscous behaviors 
of the material. The higher value of elastic modulus, G', the better the filler can withstand the 
deformation. The high G' value indicates that the filler is firm and should be placed in deeper facial 
areas to reduce the tangibility under the skin. These products can also be used to correct nasal bridges. 
More fluid products with lower G' values can be used over larger areas like the cheeks or cheekbones. 
Even lower G' product are used in areas such as the lips that demands a softer filling. The fillers that 
lack the elastic properties cannot be injected through a needle and are irreversibly deformed while 
exposing for stress (Pierre et al. 2015). 

2.2.3 Hyaluronan in fluids  
Because of the aim of the project (establishing dimensions on the rheological properties for a 
composition depending on the concentration of HA and NaOH), defining the term fluid is of great 
interest to decide whether a sample is fluid-like or not. A fluid is a body that responds to a shear 
deformation (Hutter & Wang 2016). As mentioned in the introduction the two parameters G' and G'' 
can be retrieved from a rheology measurement which can be used to define a fluid. If G' has lower 
values than G'' the material behaves more fluid-like and if the results are the opposite the material 
would behave more solid-like (Franck n.d.). 
 
As proven, pH has a great impact on the degradation of HA, but it also affects the rheological 
behavior. The viscosity has proven to differ mostly at very low (pH <2.5) and very high pH-values 
(11<pH ) (Cowman et al. 2015) . This behavior occurs since the HA molecule at high and low 
pH-values is different from the neutral conformation. Low pH-values makes the molecule stiffen 
which gives the polymer a larger volume while high pH-values causes the volume to decrease because 
of hydrogen bonds breaking. Increasing the pH of a HA solution will decrease G', G'' and the viscosity 
(Gatej et al. 2005). Although earlier studies have shown that G' and G'' decreases with increasing pH, 
this study aims to study a wider range of concentrations of both HA and NaOH with rheology. 

3. Method 
In order to answer the questions raised in this project, a laboratory study was done. In the beginning of 
the study, the preliminary experiments were done to see which of the different compositions that 
could be measured with the rheometer. Thereafter, the study consisted of two main parts, a 
preparation of samples and rheological analysis. Each laboratory experiment began with the 
preparation of samples and the experiments ended with the rheological measurement made with a 
rheometer. The result of each measurement was three graphs from different test methods: time sweep, 
frequency sweep and amplitude sweep. These results were later used to find a relationship between 
different compositions of HA and NaOH and to find which of the investigated samples that could be 
defined as fluids. A detailed description of how the data was analyzed and later used to formulate a 
result is included below in the section Data processing. This chapter also contains a summary of the 
sample preparation process and rheometry.  
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3.1 Rheometry 
A rheometer was used in order to determine and study the differences in the samples rheological 
properties as a function of the samples HA and NaOH concentration. With rheological testing, the 
properties and the behavior of a fluid material can be studied. When an external force is applied to a 
sample it can lead to a movement or a change of the shape. The shear stress, , is the amount of force,σ  

, per area unit, ,  . When the material is deformed the tangent of the change in angle thatF A σ = A
F  

occurs, is called shear strain, , . Where x is the deflection path and h is the gap, see figure 4γ /hγ = x  
(Mezger 2006).  

 
Figure 4. A representation of how different variables affect a body during shear stress. 

 
As earlier mentioned, the storage modulus, G', describes the elastic properties of the fluid and its 
ability to store energy, while the loss modulus, G'', describes the energy that is lost of deformation. 
The viscoelastic behaviors are summed up by both G' and G'', by the complex modulus G*. The 

relationship between G', G'' and G* is as followed,  . G* = √(G )′ 2 + (G )′′ 2  
 
The shear stress and the strain can be described by sine curves, where the shift between the curves, ,δ  
is called the loss angle, see figure 5. The tangent of delta is the ratio between the storage modulus and 
the loss modulus  (Mezger 2006).an δt =

G′
G′′  

 

 
Figure 5. γ and σ represented as sine curves, where the shift between the curves represents the loss. 

 
There are several rheological test methods, and the ones used in this project are time sweep, frequency 
sweep and amplitude sweep. 

3.1.1 Time sweep  
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The time sweep, TS, determines how G' and G'' changes during constant strain and frequency over 
time. This is used to see if a material will be changed during measurement time. During the 
measurements TS was used to let the sample relax, after the application, before the frequency and the 
strain measurement. 

3.1.2 Frequency sweep 
The frequency sweep, FS, determines how G' and G'' changes over a range of frequencies, while the 
oscillation amplitude is constant. The more frequency dependent the elastic modulus, G', is, the more 
fluid-like is the material.  

3.1.3 Amplitude sweep 
The amplitude sweep, AS, also called strain sweep, determines G' and G'' over the range of strain, 
while frequency stays constant. The elastic and loss moduli are constant up to the critical strain level, 
where the material’s behavior ceases to be linear (Franck n.d.). 

3.2 Preparation of NaOH stock solution  
The 20 wt% NaOH stock solutions were prepared by dissolving 20 g NaOH (s) in 80 g Milli-Q water. 
The prepared stock solution was later used for making samples with different concentrations NaOH 
and hyaluronan.  

3.3 Preparation of samples 
The amount of sample used for each rheological measurement was 5 g consisted of 1 MDa sodium 
hyaluronate, 20 wt% NaOH and Milli-Q water. The samples that were prepared had the following 
concentrations: 11, 18, 20, 25, 33 wt% HA and 0, 2, 4, 6, 8 wt% NaOH, a total of 30 combinations in 
composition. The first step in the preparation of each sample was weighing HA in a 15 mL 
PTFE-beaker. Milli-Q water and NaOH was added and the sample was mixed with a spatula for 10 
minutes. The composition was transferred to a 15 mL falcon tube and then centrifuged for 15 minutes 
to remove air bubbles. The settings for the centrifuge was 5500 rpm. After centrifugation, a seal was 
pressed into the tube using a long needle to let the air pass beside the seal, until a contact surface 
between the seal and the solution occurred. In the next step, the tip of the falcon tube was cut and a 
plunger was inserted into the seal. This allowed the sample to be applied on the peltier plate without 
creating any air bubbles and the rheometer that was used in the project was TA Instruments AR 2000. 
Finally, to prevent water evaporation from the sample during the analysis, a cupola with a dampened 
fabric strip was placed above the geometry. At the end of each measurement, the rheometer was 
cleaned with a wet tissue. See figure 6 for a chart over the sample process.  

 
Figure 6. Chart over the sample process. 
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3.4 Preliminary experiments 
Samples with different concentrations of HA and NaOH were prepared. It was unknown if all the 
samples could be measured with the rheometer. Due to different viscosities, it can be difficult for the 
rheometer to measure certain samples. The samples that were very viscous could not be analyzed with 
the settings that were used in these experiments because the rheometer was unable to press the sample 
to 66 µm. To determine which samples could be rheologically measured, test attempts were done. In 
these attempts the samples with a high concentration of HA and a low concentration of NaOH and 
vice versa were mixed and visually determined whether the sample was able to be measured.  

3.5 Rheological measurements  
Totally 38 runs were done with the rheometer where each analysis included three different tests: TS, 
FS and AS. The geometry used in this project was a 2° steel cone with a diameter of 40 mm and a 
truncation of 66 µm.  

3.5.1 Settings 
The following settings were used for rheological measurements at 25°C.  
 
TS: time 15 min, frequency 0.1 Hz, deformation 0.5% 
FS: frequency interval 0.01 Hz to 10 Hz, deformation 0.5%, 3 points/decade 
AS: frequency 0.1 Hz, deformation interval 0,1% to 10000%, 9 points/decade  

3.6 Data processing 
Different parameters from the obtained data were compared for the composition with varying amount 
of NaOH and HA. In the FS, G' and G'' were compared for each sample at the frequencies 0,1 Hz and 
1 Hz. The reason for choosing to analyze the results at these two frequencies was that they would give 
results that were not affected by resonance from the oscillating system (which could happen at 10 Hz), 
nor would the signals be too weak to receive a reasonable result (which would be the case for 0.01 
Hz). From the AS the critical strain of G' was obtained by finding the point where G’ starts to 
decrease, which was visually determined. At the same strain as G' was determined, G'' and  wasan δt  
obtained. Examples of which value of G' that was chosen in AS graphs is shown in figure 7.  
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Figure 7. The amplitude sweep of 20 wt% HA and 8 wt% HA (sample 0037). The critical strain was obtained from the data 
of G'. From the same strain were G'' and tan δselected. The point defined as critical strain is shown with a cross. 

  

4. Results 

4.1 Preliminary experiments  
The preliminary experiments showed that some samples could not be measured with the rheometer. 
The measurement was not possible due to the instrument reaching the maximum load on the 
geometry. In table 1, the samples marked with red cells could not be analyzed while the green cells 
show the samples that were measured in the experiments.  
 
Table 1. Samples defined by the concentration of NaOH and HA. Green indicates a possible measurement and red indicates 
the samples that could not be measured, due to the instrument reaching the maximum load on the geometry . 

 NaOH (wt%) 

 
 
 

HA 
(wt%) 

 0 1 2 4 6 8 

11       

18       

20       

25       

33       

 

4.2. Frequency sweep and amplitude sweep 
Every analysis resulted in data from three different measurements: TS, FS and AS. The data from the 
different measurements were compiled into graphs, where the values of G' and G'' were obtained from 
the TS and FS. For the AS, G', G'' and were compiled into plots, figures 16-43 in appendix, andan δt  
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were mainly used to determine if the samples plotted lines followed the general pattern. The general 
patterns were for TS a straight horizontal line, for FS a line which increased as the concentration of 
NaOH did and for AS a linear plateau which then decreased. The results of comparing G', G'' and 

versus concentration of NaOH is presented in following sections 4.2.1 and 4.2.2. Thean δt  
comparison was made in order to see if there was any relationship between the different compositions 
of HA and NaOH and also to see which of the investigated samples could be defined as fluids. Thus, 
the aim of the project would be reached.  

4.2.1 Frequency sweep 
From the obtained data of the samples, chosen points were compared. In the frequency sweep G' and 
G'' were compared at different concentrations of NaOH and HA at the frequency 0,1 Hz and 1 Hz. 
This is shown in the figures 8, 9, 10 and 11. Every point in the plot equals a sample. Some samples 
were remeasured and therefore some NaOH concentrations have two values plotted. These samples 
were 20 wt% HA with 2 wt% NaOH, 11 wt% HA with 4 wt% NaOH, 11 wt% HA with 6 wt% NaOH 
and 11 wt% HA with 8 wt% NaOH. The reason for remeasuring these samples was that they either 
had results that seemed unreasonably low or when plotting the data, the lines did not follow the 
general pattern described above.  
 

 
Figure 8. G' at 0,1 Hz from the FS at different concentrations of NaOH and at different wt% of HA. Note that there is two 
samples of 20 wt% HA at 2 wt% NaOH and 11 wt% HA at 4,6 and 8 wt% NaOH. Almost all samples of 11 wt% HA has the 
lowest G' value. At 1, 4 and 6 wt% NaOH G’ increases with the concentration of HA. 
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Figure 9. G' at 1 Hz from the frequency sweep at different concentrations of NaOH and at different wt% of HA. Note that 
there is two samples of 20 wt% HA with 2 wt% NaOH, 11 wt% HA with 4 wt% NaOH, 11 wt% HA with 6 wt% NaOH and 11 
wt% HA with 8 wt% NaOH. Almost all of the 11 wt% HA samples have the lowest G' values. At 1 and 4 wt% NaOH the G' is 
increasing with the increasing concentration of HA.  

 
 
 
 

 
Figure 10. G'' at 0,1 Hz from the FS at different concentrations of NAOH and at different wt% of HA. Note that there are 
two samples of 20% w% HA with 2 wt% NaOH, 11 wt% HA with 4% NaOH, 11 wt% HA with 6 wt% NaOH and 11 wt% HA 
with 8 wt% NaOH. At 1, 4, and 6, wt% NaOH G'' increases as the HA concentrations increases. 
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Figure 11. G'' at 1 Hz from the frequency sweep at different concentrations of NaOH and at different wt% of HA. Note that 
there are two samples of 20 wt% HA with 2 wt% NaOH, 11 wt% HA with 4 wt% NaOH, 11 wt% HA with 6 wt% NaOH and 
11 wt% HA with 8 wt% NaOH. As in G'' at 0,1 Hz, G'' are increasing for every HA concentration at 1, 4, and 6 wt% NaOH. 

 
In the FS plots, figures 8-11, indications and conclusions of different results can be seen. All four 
graphs follow a certain pattern. At first, the values of G' and G'' decreases as the NaOH concentrations 
of the samples increases. Later on, the values start to increase again as we reach NaOH concentrations 
of 6 and 8 wt%. Additionally, it is clear that the 11 wt% HA samples generally have the lowest values 
at the different NaOH concentrations. Furthermore, at the concentrations 1, 2 and 4 wt% NaOH, G' 
and G'' increases as the concentration of HA is increased.  The concentrations of HA, in most of the 
FS plots, lies in direct increasing order. 11 wt% have the lowest G' and G'' values and 25 wt% have 
the highest. So even though the samples follow a surprising pattern (decreasing and then increasing) 
the order of the samples regarding the concentration of HA seems reasonable. 

4.2.2 Amplitude sweep 
From the AS the chosen point that were compared between the different samples was the critical 
strain of G'. G', G'', the strain and  was evaluated, which is shown in figures 9, 10, 11 and 12.an δt  
The critical strain could not be obtained in 11% NaOH and 8% HA (sample 0056), 20% HA and 2% 
NaOH (sample 0062 and 0067) and was therefore not presented in the figures 12, 13, 14 and 15. They 
were not obtained due to the AS graphs not having a plateau from which a critical strain could be 
determined. 
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Figure 12. G' at the critical strain from the strain sweep at different concentrations of NaOH and at different wt% of HA. 
Note that there are two measurements of the compositions of 11 wt% HA with 4 wt% NaOH and 11 wt% HA with 6 wt% 
NaOH. Similarly, as in the frequency graphs of G'' at 1 Hz, at the concentrations of 1, 4, 6 and 8 wt% NaOH, G' is 
increasing for every concentration of HA in order of 11, 18, 20 and 25 wt% HA. 

 

 
Figure 13. G'' at the critical strain from the strain sweep at different concentrations of NaOH and at different wt% of HA. 
Note that there are two measurements of the compositions of 11 wt% HA with 4 wt% NaOH and 11 wt% HA with 6 wt% 
NaOH. At the concentrations 1, 4, 6 and 8 wt% NaOH, G'' are increasing for every concentration of ha in the order of 11, 
18, 20 and 25 wt% HA. 
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In figures 12 and 13 indications of the same pattern as mentioned for figures 8-11 can be seen where 
the values are decreasing until they reach a NaOH concentrations around 4 wt% of the samples and 
then starts increasing when the NaOH concentrations reach 6 and 8 wt%. The 11 wt% HA samples 
have the lowest values at the different NaOH concentrations. Just as for figures 8-11 the samples 
follow a reasonable order regarding the concentration of HA with the lowest values for 11 wt% and 25 
wt% has generally the highest values. Furthermore, at most of the concentrations of NaOH (1, 4, 6 and 
8 wt%), G’ and G’’ is increasing with increasing concentration of HA. 
 

 
Figure 14. The critical strain from the strain sweep at different concentrations of NaOH and at different wt% of HA. The 
point of 25 wt% HA with 4 wt% NaOH covers the data point of 18 wt% HA with 4 wt% NaOH, the point of 20 wt% HA with 
4 wt% NaOH covers the data point of 18 wt% HA with 4 wt% NaOH, the point of 20 wt% HA with 4 wt% NaOH covers the 
point of 11 wt% HA with 4 wt% NaOH, the point of 18 wt% HA with 2 wt% NaOH covers the point of 11 wt% HA with 2 
wt% NaOH. 
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Figure 15. tan δ at the critical strain from the strain sweep at different concentrations of NaOH and at different wt% of HA. 
The point of 18 wt% HA with 1 wt% NaOH is covering the point of 11 wt% HA with 1 wt% NaOH. All the samples, except 
for 11 wt% HA and 0 wt% NaOH has a value above 1.  

 
Regarding the critical strain graph, figure 14, there was an indication that the critical strain value was 
similar for the samples with the same concentration of HA, this can be seen in the figures 32, 33, 35, 
36, 38, 39, 41 and 42 in the appendix. However, this is not seen in figure 14, where the critical strain 
is compared.  
 
In the  graph, figures 15, 20 out of 21 samples have a value above 1 concluding that a vastan δt  
majority of the measured samples can be defined as fluids.  

5. Discussion 

5.1. Results 
When looking at the FS plots presented under result, figures 8-11, all graphs seem to be forming a 
similar appearance of something that loosely resembles a boat or banana shape. Where the values are 
decreasing until they reach a NaOH concentration of around 4 wt% and then starts increasing when 
the NaOH concentrations reach 6 and 8 wt%. It is clear that the 11 wt% HA samples generally have 
the lowest values. The expected pattern was that G' and G'' would increase at every NaOH 
concentration in order of increasing HA concentration. This because HA, as mentioned, degrade at a 
higher rate in a strongly basic environment compared to an acid one. Therefore, since the samples 
containing a higher weight percentage of NaOH have a higher pH, these were expected to be more 
degenerated and therefore less viscous. 
 
However, when looking closely, 6 out of 10 G' values in the FS plots were arranged in lower to higher 
HA concentration at every NaOH concentration. Of the G'' values in the same plots, also 6 out of 10 
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concentrations followed the pattern. This only includes the NaOH concentrations where there is more 
than one value obtained from a different HA concentration.  
 
When looking at the AS plots under results called G' and G'', figures 9-10, at critical strain there also 
seem to be a similar kind of banana shaped pattern to the plots. Here, as well, the samples with 11% 
HA generally have the lowest values. 
 
Another interesting observation was made when looking at the critical strain value, which represent 
how far a material can be stretched, all samples with the same concentration of HA seem to have very 
similar values. Thus, all lines in figures 32, 33, 35, 36, 38, 39, 41 and 42 starts decreasing at almost 
the same strain value. This was not seen in figure 14, which could be due to the visual determination 
of critical stain.  
 
In the theory the definition of a fluid is described. The plots for show that is over 1 foran δt an δt  
most of the samples. As said in the theory, when is over 1, this means that the sample is a fluid.an δt  
For most of the samples, this is the case, but the composition of 0 wt% NaOH and 11 wt% HA. 

5.2 Experiments 
Rheometric data was obtained from three different measurements: TS, FS and AS. Using these results 
three different types of graphs could be plotted. By looking at both graphs and data, assumptions 
about results' reliability could be done. There were some patterns that could be seen in all three 
graphs.  
 
The graphs for TS were straight horizontal lines, see figures 16-23 in Appendix. The purpose of TS 
analysis was to control that all the tension, that occurred when the sample was applied on the ground 
plate, disappeared. The majority of lines were stable throughout the TS (shown as straight horizontal 
lines) while some lines were a bit unstable in the beginning and a few remained unstable throughout 
the time interval and thus did not follow the general pattern. This deviation may have been caused by 
air bubbles in the applied sample.  
 
The FS showed how the samples were affected by increasing the oscillation of geometry. The general 
pattern in these graphs was that both G' and G'' increased throughout the frequency interval, see 
figures 24-31 in Appendix.  
 
The last test in the rheological measurement was the AS. In this part of the analysis, the lines for G' 
and G'' in the AS graph formed a plateau that then decreased, see figures 32, 33, 35, 36, 38, 39, 41 and 
42 in appendix. Most of the graphs followed this general pattern but there were some exceptions, see 
figures 32, 33, 38 and 39 in appendix. The sample that consisted of 11 wt% HA and 8 wt% NaOH 
was analyzed twice because the result from the first measurement was unstable, see figures 32-34 in 
appendix. As mentioned earlier, instability could have been due to preparation or application of the 
sample. After the sample was analyzed again, the new data was plotted. Some of the data then 
followed the general pattern. 
 
A surprising result was the inability to measure the sample containing 25 wt% HA and 8 wt% NaOH. 
The sample was too sticky, and the geometry failed to lower itself to the desired settings. This seemed 
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unlikely as the sample containing 25 wt% HA and 6 wt% NaOH was measurable. This is also in 
contradiction to theory since the increasing amount of NaOH was expected to make the sample softer. 
Therefore, the measurement was repeated two times to be sure that this was not an error in the 
preparation of the composition or with the rheometer. 
 

5.3 Sources of error 
When using the rheometer at a 66 μm gap, a problem with the more viscous samples occurred. The 
geometry had problems pushing the sample down to the desired gap. With some of the samples it 
helped to flatten the sample by hand. However, all of the samples marked red in table 1, were 
impossible to measure at the decided instrument settings.  
 
A problem that occurred early was that the HA powder is very light so while mixing the samples with 
a spatula a small amount of the powder could be lost. This might have had an effect on the 
concentrations of the samples but not greatly since the powder is so light and only a very small 
amount could be lost. One sample was weighed before and after mixing and the difference in the 
weight was in the 0,01 g digit. This might have varied since the force that was necessary to use in 
order to mix the sample depended on the concentrations of HA and NaOH, which is something that 
could affect the accuracy of the measurements. 
 
Some of the concentrations were measured twice because the values received from the first 
measurement were considered low or had a time, frequency or amplitude plot that did not follow the 
expected pattern. The results from two sample measurements with the same concentrations in some 
cases varied from each other and therefore two values are plotted twice for the same concentrations. 
This greatly affected the accountability of the results since there is no way to statistically say which 
value is more correct. There are room for argumentations such as the fact that one value might follow 
the pattern better or is more reasonable values compared to the other concentration graduations of the 
same HA concentration. However, there are still only two values at that specific NaOH concentration 
and to be able to make some kind of calculation or take out a mean, more samples should be 
measured.  
 
The time at which the samples were measured from that the NaOH was added varied from 37 to 50 
min and since the NaOH breaks down the sample this might affect the results. However, the process is 
relatively slow in rooms temperature so the difference that degradation as a result of merely 10 
minutes should be minimal.  
 
The values in the strain plots are chosen by looking at the plots and visually determine where G' starts 
falling. However, this leaves room for different interpretations and opinions compared to the 
frequency plots, where the values were taken at determined values. Since the points were selected 
visually and by different people the accuracy of the strain points could be affected. 
 
Halfway through the project a change in the gap size-settings on the rheometry was made. The gap 
was originally 1 mm but was decreased to 66 μm. After the change, the theory was that the results 
from a 1 mm gap and the ones from 66 μm would not differ greatly. This would eliminate the risk of 
not being able to use the already made measurements. However, after comparing two samples 
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measured at the different settings the results differed and without a legitimate explanation or theory to 
why the rheometric instrument did not give the same results it was decided not to use the results from 
the 1 mm gap measurements. See figure 44 in appendix for comparison of the AS.  

5.4 Further studies 
For further studies, repeated attempts on every sample or tests at more concentrations of NaOH could 
give more credible results. The problem that occurred with samples that could not be measured due to 
the instrument being unable to meet the desired gap could perhaps be solved with letting the 
rheometer be lowered on the sample over a longer time period. This could possibly result in it 
reaching its desired settings.  

6. Conclusion 
Studying the rheological properties of HA at high concentrations of NaOH proved to be difficult. 
Although no clear relationship, between the different compositions of HA and NaOH, could be 
concluded from the results of this project some indications of a pattern were seen. For the FS graphs, 
see figures 8-11, and AS graphs, see figures 12-13, all lines followed a pattern were they first 
decreased as the NaOH concentration increased to later on increase as the NaOH concentration 
continued to increase. It was also clear that the samples containing 11 % HA generally had the lowest 
values of G' and G'' in these graphs. Generally, the other concentrations of HA followed an almost 
direct order with 25 wt% having the highest values. Finally, when looking at the AS graphs the critical 
strain values, figures 32, 33, 35, 36, 38, 39, 41, and 42, the same samples of the same concentration of 
HA started to decrease at similar critical strain.  
 
Additionally, all samples which were successfully measured, but 11 wt% HA with 0 wt% NaOH, 
could be defined as fluids. Further and more extensive studies should be made in order to determine if 
these observations are a sign of an existing correlation.  
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8. Appendix  

8.1. Rheometric results 
The results from the rheological analysis, from which data analysis was made are presented in these 
following plots under the headlines 8.1.1, 8.1.2. and 8.1.3. 

8.1.1 Time sweep 
Obtained data from TS represented in graphs where the parameters G' and G'' are plotted against time 
for each concentration of HA (11, 18, 20, 25 wt%). The last four numbers represent each rheometer 
run.  
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Figure 16. TS of 11 wt% HA. G' [Pa] depending on time [s]. 

 

 
Figure 17. TS of 11 wt% HA. G'' [Pa] depending on time [s]. 

 
 

 
Figure 18. TS of 18 wt% HA. G' [Pa] depending on time [s]. 
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Figure 19. TS of 18 wt% HA. G'' [Pa] depending on time [s]. 

 
 

 
Figure 20. TS of 20 wt% HA. G' [Pa] depending on time [s]. 
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Figure 21. TS of 20 wt% HA. G'' [Pa] depending on time [s]. 

 
 

 
Figure 22. TS of 25 wt% HA. G' [Pa] depending on time [s]. 

 

 
Figure 23. TS of 25 wt% HA. G'' [Pa] depending of time [s]. 
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8.1.2. Frequency sweep 
Obtained data from FS represented in graphs where the parameters G' and G'' are plotted against 
frequency for each concentration of HA (11, 18, 20, 25 wt%). The last four numbers represent each 
rheometer run.  
 
 

 
Figure 24. FS of 11 wt% HA. G' [Pa] depending of frequency [Hz]. 

 
 
 

 
Figure 25.  FS of 11 wt% HA. G'' [Pa] depending of frequency [Hz]. 

26 
 



 

 
 
 

 
Figure 26. FS of 18 wt% HA. G' [Pa] depending of frequency [Hz]. 

 
Figure 27. FS of 18 wt% HA. G'' [Pa] depending of frequency [Hz]. 

 

27 
 



 

 
Figure 28. FS of 20 wt% HA. G' [Pa] depending of frequency [Hz]. 

 
Figure 29. FS of 20 wt% HA. G'' [Pa] depending of frequency [Hz]. 
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Figure 30. FS of 25 wt% HA. G' [Pa] depending of frequency [Hz]. The data points of sample 0036 is behind sample 0042. 

 

 
Figure 31. FS of 25 wt% HA. G'' [Pa] depending of frequency [Hz]. The data points of sample 0036 is behind sample 0042. 

8.1.3. Amplitude sweep 
Obtained data from AS represented in graphs where the parameters G', G'' and tan(delta) are plotted 
against strain for each concentration of HA (11, 18, 20, 25 wt%). The last four numbers represent each 
run.  
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Figure 32. AS of 11 wt% HA. G' [Pa] depending of strain [%]. 

 

 
Figure 33. AS of 11 wt% HA. G'' [Pa] depending of strain [%]. 
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Figure 34. AS of 11 wt% HA. tan δdepending of strain [%]. 

 
Figure 35. AS of 18 wt% HA. G' [Pa] depending of strain [%]. 
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Figure 36. AS of 18 wt% HA. G'' [Pa] depending of strain [%]. 

 

 
Figure 37. AS of 18 wt% HA. tan δdepended of strain [%]. 
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Figure 38. AS of 20 wt% HA. G' [Pa] depending of strain [%]. 

 

 
Figure 39. AS of 20 wt% HA. G'' [Pa] depending of strain [%]. 
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Figure 40. AS of 20 wt% HA. tan δdepending of strain [%]. 

 

 
Figure 41. AS of 25 wt% HA. G' [Pa] depending of strain [%]. 
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Figure 42. AS of 25 wt% HA. G'' [Pa] depending of strain [%]. 

 
Figure 43. AS of 25 wt% HA. tan δ depending of strain [%] 
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8.2 Other

 
Figure 44. Comparison of the two different gap settings for the sample 18% HA and 1% NaOH. 

 
Table 2. Compilation of correctly calculated concentrations and data from the rheometrical measurement. The determined 
values of the strain sweep measurement of sample 0056, 0060 and 0062, were unable to determine.  

 

Calculated 
concentrations  

 

FS 
 

AS 
 
 0,1 Hz 1 Hz 

Sample 
HA 
[wt%] 

NaOH 
[20 
wt%]  G' [Pa] 

G''[Pa
] G' [Pa] G'' [Pa] Strain [%] G' [Pa] G''[Pa] an δt  

ha0030 19.94 9.72 143.2 316.2 1014 997.9 77.77 114.9 292.3 2.544 

ha0036 25.02 1.98 589.7 830.5 2599 1856 102.0 462.6 785.5 1.698 

ha0037 19.88 8.05 184.6 377.2 1212 1123 130.6 121.9 330.8 2.714 

ha0041 24.66 4.03 248.4 456.5 1451 1255 46.5 223.1 440.4 1.974 

ha0042 25.02 5.98 564.5 815.4 2564 1889 27.9 511.4 792 1.549 

ha0047 18.03 1.02 891.6 1080 3373 2110 78.6 776.1 1060 1.4 

ha0048 19.88 1.01 1952 1946 6097 3188 103 1550 1857 1.2 

ha0051 10.98 1.03 10.41 44.08 140.3 217 60.05 9.782 43.75 4.5 

ha0052 17.92 1.99 1108 1460 4567 3005 78.65 979.7 1443 1.472 

ha0053 11.00 2.02 0.4928 7.075 17.43 54.31 77.37 0.4159 6.532 15.7 

ha0054 11.01 4.00 0.6832 8.563 21.96 64.02 129 0.5162 7.722 14.96 

ha0055 10.99 6.01 1.294 12.87 35.77 8904 129 0.9708 11.44 11.78 

ha0056 10.98 8.00 507.8 772.8 500.7 956.6 - - - - 

ha0057 18.00 4.01 15.99 68.35 56.97 218.5 46.38 14.41 66.4 4.608 

ha0058 18.05 5.98 40.21 128.5 416.4 528.8 46.41 35.68 123.2 3.453 

ha0059 17.66 8.23 51.6 156.9 509.1 617.3 60.12 44.36 148.3 3.343 

ha0060 20.93 1.16 1125 1335 4167 2540 - - - - 

ha0061 19.99 4.00 27.74 103.1 332.6 465.8 129.5 21.22 97.4 4.6 

ha0062 19.99 2.02 3476 710.5 4281 1151 - - - - 

ha0063 10.99 0.00 5654 3570 11740 3683 47.3 5293 3588 0.6779 
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ha0064 10.91 6.00 0.9115 9.983 27. 71.8 278.2 0.553 8.676 15.69 

ha0065 10.98 4.03 0.406 6.7 16 52.2 166.69 0.3259 6.078 18.65 

ha0066 10.89 8.02 1.189 12.3 33.9 86 166.42 0.8544 11.15 13.05 

ha0067 19.82 1.98 1552 1774 1293 2311 - - - - 

ha0068 19.93 5.98 71.66 196.9 637.1 728.5 77.6 59.46 185.6 3.1 
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