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Preface 

The 34th Volume of the Annual Transac-
tions of the Nordic Rheology Society (ATNRS) 
comprises the papers and posters presented at 
the joint conference between the 35th Nordic 
Rheology Conference (NRC) and the 14th In-
ternational Conference on Mechanics of Time-
Dependent Materials (MTDM) in Lund, Swe-
den from August 26-28, 2026. 

The aim was to bring together researchers 
and industry professionals, covering all as-
pects of rheology and the mechanics of time-
dependent materials. 

This year s program welcomed a diverse 
range of contributions, from fundamental 
research to industrial case studies, cover-
ing experimental, modeling, and application-
oriented work. The topics spanned a wide range 
of rheology, including applications in poly-
mers, foods, coatings, paper, �bers, pharma-
ceuticals, and more. The conference featured 
a broad scope of materials and phenomena, 
with particular emphasis on coupling advanced 
X-ray and neutron techniques with rheolog-
ical studies. This included explorations into 
polymers and composites, soft matter, meta-
materials, 3D-printed structures, living tissues, 
rubber, and beyond. 

The conference was successfully orga-
nized by a committee comprising representa-
tives from Chalmers University of Technology, 
RISE, MAX IV, ESS, and Copenhagen Uni-
versity. The team included Roland Kadar and 
Marko Bek (Chalmers), Mats Stading (RISE 
& Chalmers), Ann Terry and Kim Nygard 
(MAX IV), Andrew Jackson (ESS), Alexandra 
Aulova (Nouryon), Ruifen Li (Aarhus Univer-
sity), and Jose�n Martell (LINXS). The theme 
core group also provided support. The Science 
Village and Altitude assisted with both the or-
ganization and registration processes. 

The invited lectures were given by the fol-
lowing experts: Prof. Norman J. Wagner from 
the University of Delaware, Dr. Vivian Lutz 

Bueno from Paul Sherrer Institute and ETH 
Zurich, Prof. Leif Asp from Chalmers Uni-
versity of Technology and Prof. Chris Holland 
from the University of She�eld. 

The year s Annual Business Meeting of the 
society was held during the conference days. 

A short course for everyone interested in 
rheology was conducted on the morning of 
August 26th. The course was held by Annika 
Sahlstrom (Reokonsa), a well known rheology 
lecturer in Scandinavia. Ann Terry who is a 
beamline scientist gave also an introduction to 
X-ray and neutron techniques. 

An industry-academia workshop was held 
during the conference, open to all participants. 
The aim was to strengthen connections be-
tween academia and industry, facilitate dia-
logue among researchers, and identify indus-
trially relevant research questions for academic 
collaboration. 

This volume contains 12 oral and 3 poster 
submissions from Nordic countries and world-
wide. The received contributions are divided 
into the following sessions: �Combined Meth-
ods and Multiscale Analysis , �Polymeric Ma-
terials and Composites , �Complex Flows 
and Modeling� , �Biological Systems , �Cellu-
losic Systems , Advances in Rheometry� , and 
�Poster Presentations . The manuscripts will be 
accessible online as PDF �les on the website. 

Finally, I would like to express my grat-
itude to the contributors, reviewers, sponsors, 
exhibitors, session chairs, and the society board 
members for their valuable contributions, sup-
port and cooperation. I also extend my appre-
ciation to our invited lecturers for sharing their 
expertise. 

The preparation of this volume was made 
using LATEX processing code. 

Dr. Herimonja A. Rabenja�manantsoa 
University of Stavanger - Norway 
June 2026 
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Invited Lecturers 





Mini-biographies

Professor Norman J. Wagner’s research
focuses on the rheology and microstruc-
ture of complex fluids, combining rheol-
ogy with advanced scattering techniques
to uncover structure - property relation-
ships in colloidal suspensions and soft
materials. He is a member of the
U.S. National Academy of Engineering,
recipient of the 2014 Bingham Medal
of the Society of Rheology, and for-
mer President of the Society of Rhe-
ology, among other honours. He is
currently the Robert L. Pigford Chair
and Professor of Chemical and Biomolec-
ular Engineering at the University of
Delaware.

Dr. Viviane Lütz Bueno is a Senior Scien-
tist at Paul Scherrer Institute (PSI), Switzer-
land and lecturer at ETH Zürich working
on method development and structural char-
acterization of soft matter using small-angle
scattering techniques. Her research focuses on
in-situ scattering measurements of complex
soft-matter systems, including microfluidic
platforms for scattering experiments, chem-
ical reactions under confinement, and dark-
field imaging approaches.
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Leif Asp is Professor of Lightweight Struc-
tures at Chalmers University of Technology
and a leading expert in multifunctional com-
posite materials. His research focuses on
structural battery composites, where load-
bearing materials are designed to simulta-
neously store electrical energy, enabling en-
tirely new approaches to lightweight sys-
tem design. His work bridges mechan-
ics, materials science, and energy storage,
and has had significant impact on the de-
velopment of next-generation structural ma-
terials for transport and energy applica-
tions.

Chris Holland is Professor of Materials Sci-
ence at the University of Sheffield and a lead-
ing expert in bio-derived and hierarchical ma-
terials. His research focuses on understanding
and replicating the structure–property rela-
tionships found in natural materials such as
silk, collagen, and other biological polymers,
with the aim of developing sustainable high-
performance materials. His work combines
advanced processing, rheology, and structural
characterization to uncover how molecular
and mesoscale organization governs macro-
scopic properties. This includes insights into
spinning processes, flow-induced alignment,
and the design of biomimetic materials with
tailored functionality.

N. J. Wagner, V. L. Bueno, L. Asp and C. Holland 
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FLOW THROUGH FIBRE NETWORKS – EFFECT OF FLUID RHEOLOGY 

ABSTRACT 

Fluid flow in fibrous networks is crucial for many technical applications such as wound care 

and hygiene products as well as for tissue paper. The flow of Newtonian, low-viscous fluids 

like water is well studied whereas the flow of viscoelastic fluids is less so. It is nevertheless 

highly important for the applications.  

Model fluids could be used to determine the influence of important rheological properties 

such as viscosity, elasticity and shear thinning on the flow. Fluids containing the same 

components can be tuned to have constant viscosity (Newtonian), constant viscosity but elastic 

(Boger), and shear thinning to determine the influence of each property on the flow. Initially 

flow was determined in real time for Newtonian and shear thinning fluids using light 

microscopy and X-ray radiography. The results showed a large influence of the fluid rheology 

on the flow through the fibre networks.  

 

INTRODUCTION 

The flow of Newtonian fluids (water) through fibre networks has been extensively studied1 and 

has even resulted in methods for predicting flow from 3D-structure (Gesualdo model)2.  

Viscoelastic flow in porous media has been extensively studied for its applications in 

geophysics, biology and especially enhanced oil recovery3,4. There are also some studies on the 

flow of viscoelastic fluids through fibre networks, especially modelling5,6 and in models of fibre 

systems7,8.  

The flow of viscoelastic fluids through fibrous media is a complex phenomenon.  Studies in 

fibre models have shown e.g. that fluid elasticity significantly increases flow resistance, with 

elastic effects becoming noticeable at Deborah numbers around 0.5 7. The pressure drop in these 

flows is influenced by both fluid and fibre network properties, with viscoelastic fluids exhibiting 

an "excess" pressure drop as compared to Newtonian fluids8,9.  

A set of model fluids, as introduced in the abstract (Newtonian, Boger and shear thinning) 

have previously been utilised for studies of swallowing10,11 and perception12. Boger fluids13 

have a wider use especially for testing constitutive equations for polymer melts. The latter were 

however more viscous, and here we aimed for model fluids with lower viscosity to match the 

technical applications. 

In an initial study a range of maltodextrin and xanthan solutions were evaluated for flow 

through fibre materials using light microscopy and X-ray radiography. 

 

Mats Stading1,2, Camilla Öhgren1, Sandra Barman1, Torben Nilsson Pingel1,  
Innokenty Kantor3 and Niklas Lorén1 

 
1RISE Research Institutes of Sweden, Gothenburg, Sweden 
2Chalmers University of Technology, Gothenburg, Sweden 

3MAX IV, Science Division, Lund, Sweden 
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MATERIALS AND METHODS 

Materials 
The fluids used in this study were prepared using maltodextrin Glucidex IT 19 (Roquette, 

Lestrem, France) and xanthan (Grindstedt Clear 80 (IFF, Brabrand, Denmark).  

 

Stock solutions of maltodextrin of 60% w/w and xanthan 1% were mixed and stirred over night 

on a magnetic stirrer. The stock solutions were then diluted into the final concentrations and 

stirred over night. The fluids used in the study were:  

 

• Newtonian: 15%, 30% and 60% w/w maltodextrin 

• Shear thinning: 0.01%, 0.1% and 0.8% w/w xanthan 

 

The fluids were finally mixed with 10% Gadovist (Bayer Radiology, Leverkusen, Germany) 

as a contrast agent for the X-ray studies. 

 

The fibrous matrix was consisted of PET fibres intertwined to a fibrous material as shown 

in Fig. 1a. 

 

  
 

FIGURE 1: a) Microstructure of the fibrous material visualised by confocal laser scanning microscopy, 
b) Sketch of the experimental setup used for X-ray radiography and for light microscopy. 

 

 

Methods 
Viscometry was performed using an ARES-G2 (TA Instruments, New Castle, DE, USA) 

equipped with a concentric cylinder system (cup diameter 20 mm). The measurements were 

performed at 20°C.  

A pipette was placed over the fibrous material and a drop of the fluid was dropped onto it 

while monitoring the fluid flow by light or X-rays, as shown in Fig. 1b. The drop volume was 

regulated by a syringe pump which was operated remotely. The fibrous material could be 

compressed lightly by a plastic washer and filter paper was placed under the fibrous material as 

an absorbent to facilitate drainage through the material.  

X-ray radiography was performed at the DanMAX beamline at the MAX IV synchrotron in 

Lund, Sweden. 2D projections of the sample were recorded in a side view (Fig. 1b) during the 

application of the liquid and the initial flow through the porous material. Each recorded 

Mats Stading et al. 
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sequence was 54 seconds long, with a time resolution of 5.4 ms, and a spatial resolution (pixel 

size) of 0.55 µm. 

A microscope equipped with a CMOS camera (Olympus BX53F2, CAM-SC50, Tokyo, 

Japan) was used to study the flow through the fibrous material. The microscope was placed 

sideways instead of vertically and the same sample holder as used for X-ray radiography was 

placed in the microscope. The holder was directly on the microscope table so that the focus 

distance was fixed to the centre of the sample, i.e. so the flowing droplet was in focus. The 

syringe tip was connected to a Harvard Apparatus syringe pump (Harvard Bioscience, Holliston, 

USA). The frame rate was 9 frames/s.  

RESULTS AND DISCUSSION 

The viscosity of the model fluids was measured and the Power Law model was fitted to the data 

(σ=K𝛾̇𝑛). The results in Table 1 show that the Maltodextrin solutions were Newtonian and the 

xanthan solutions shear thinning as expected.  

 
Table 1. Power Law constants for the fluids containing 10% Gadovist contrast agent. 

       
Polymer Concentration n K 

Maltodextrin 15% 1 0,00244 

  30% 1 0,0072 

  60% 1 0,27 

Xanthan 0,01% 0,90 0,0069 

  0,10% 0,62 0,054 

  0,80% 0,098 4,9 

        

 

The xanthan and maltodextrin solution with 0.1% Direct Red dye as were allowed to drain 

through the fibrous material and monitored by video. Snapshots of the videos are shown in 

Fig. 2. The first image shows when the liquid just reached the material, the second halfway 

during the flow and the last when the last drop of liquid goes into the absorbent material. This 

process takes very different times depending on the liquid. It was relatively fast for xanthan 

(1.5 – 25 s) but considerably slower for the concentrated maltodextrin solution (50 s – 

7 minutes). 

The study showed a large influence of the viscous behaviour on the flow through the fibre 

material. The lowest maltodextrin concentration as expected behaved similar to water as its 

viscosity is just about twice that of water, whereas the high viscosity of the concentrated solution 

considerably slowed down the flow. Xanthan showed a slightly different behaviour due to the 

shear thinning. The flow at higher shear rates, initially and when the fluid front reached the 

absorbent, was fast whereas the intermediate flow was slow.  

This initial study is continued with evaluation of fluid dynamics and modelling of the effect 

of the fibre material and will be published separately. 
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FIGURE 2: Example of the flow visualised as snapshots at the beginning, halfway and end of flow into 
the fibrous material by a xanthan solution (top, a and b) and a maltodextrin solution (bottom, c and d) 

visualised by light microscopy (a and c), and X-ray radiography (b and d). 
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A Regularized Inverse Framework for Stress and Strain Analysis of 
Viscoelastic Bodies via DIC–FEA Integration 

ABSTRACT 

A method for obtaining the strain and stress distributions in a viscoelastic body is proposed by 

combining digital image correlation with finite element analysis based on the principle of 

superposition. In this method, the boundary conditions within the measurement region are 

determined via inverse analysis so that the computed displacement fields match those obtained 

experimentally. A regularization scheme is introduced to mitigate the influence of measurement 

errors near the boundaries. The strain distributions are obtained simultaneously with the 

displacement fields. Meanwhile, the streSatoruss distributions are evaluated from the temporal 

evolution of the strain components, taking into account the time-dependent mechanical 

properties of the viscoelastic material. The effectiveness of the proposed method is 

demonstrated through a numerical simulation. Furthermore, as an application example, stress 

analyses around contact interfaces are presented. The proposed method alleviates difficulties in 

data processing during measurement and provides an effective approach for stress and strain 

analysis of viscoelastic bodies. 

INTRODUCTION 

In recent years, the demand for lightweight and high-strength materials has led to the expansion 

of polymer materials into a wide range of applications. Typical examples include automobiles 

and aircraft, where the use of carbon fiber reinforced plastics is increasing. Polymer materials 

are known to exhibit viscoelastic behavior, and their mechanical properties and responses differ 

significantly from those of elastic materials in that they show pronounced time and temperature 

dependence. Therefore, applying the same treatment as for elastic materials to stress–strain 

analysis of viscoelastic materials often results in outcomes that are far from reality and 

physically meaningless. Clarifying complex phenomena such as impact, contact, and fracture 

in viscoelastic bodies is an important issue in both engineering and industrial contexts, and 

many studies have been conducted, as in the case of elastic and elastoplastic materials.1-3 

To experimentally evaluate the mechanical behavior of solid materials, surface strain 

measurement is often performed. Full-field measurement methods such as moiré and digital 

image correlation are widely used.4,5 These methods provide two-dimensional displacement 

distributions, and strain values can be obtained by differentiating the displacement distributions 

along the surface of the object. However, since differentiation of measured data amplifies 

measurement errors, it is known that special techniques are required to obtain appropriate strain 

values. To reduce the influence of measurement errors included in displacement data, it is 

common to approximate the displacement distribution in a local region using the least-squares 

method and obtain strain by differentiating the approximated function.6 Other approaches 

include smoothing displacement distributions using finite element models,7,8 smoothing using 

 

Yurie Rai, Keisuke Iizuka and Satoru Yoneyama 
 

Aoyama Gakuin University, 5-10-1 Fuchinobe, Sagamihara, Japan 
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spline functions,9 and hybrid methods in which finite element analysis is performed using the 

obtained displacements as boundary conditions.10 One author11 has also proposed a method for 

linear elastic bodies in which boundary conditions of a finite element model are identified by 

inverse analysis from measured displacement distributions to obtain strain and stress. 

In the case of viscoelastic bodies, when evaluating strain distributions using measurement 

methods such as the moiré method or digital image correlation, displacement distributions are 

obtained from images at each time step, and strain distributions are calculated using one of the 

aforementioned methods. Furthermore, to evaluate stress, it is necessary to calculate the time 

variation of stress from the time variation of strain at each point using viscoelastic constitutive 

equations. Thus, evaluation of stress in viscoelastic bodies requires smoothing the displacement 

distribution, differentiating it spatially to obtain strain, and then performing temporal 

convolution (history integration) of the strain to obtain stress. Consequently, it is difficult to 

achieve high accuracy due to accumulation of errors. Moreover, the use of finite element models 

is considered convenient for appropriately performing data processing such as spatial 

differentiation and temporal integration of measurement data. 

Therefore, in this study, we propose a method for evaluating strain and stress in viscoelastic 

bodies using a DIC–FEA hybrid method that combines displacement measurements obtained 

by digital image correlation (DIC) with the finite element analysis (FEA). This method is an 

extension of a previously proposed inverse boundary identification method11 for elastic bodies 

to viscoelastic bodies. In this method, boundary load values are determined by inverse analysis 

so that displacement distributions equivalent to those obtained by measurement are reproduced 

by FEA, and smooth displacement and strain distributions are obtained. Stress distributions are 

evaluated by numerically integrating viscoelastic constitutive equations based on the time 

variation of strain at each point. Although this method utilizes FEA results, displacement and 

strain are evaluated based on measured displacement distributions, and stress is subsequently 

calculated. Therefore, it is effective for problems in which reliable analysis results cannot be 

obtained by FEA due to unclear boundary conditions. 

 

STRESS AND STRAIN ANALYSIS OF ELASTIC BODIES BY INVERSE BOUNDARY 
IDENTIFICATION 

Basic Principle 
Consider a linear elastic body for which in-plane displacement distributions are obtained in a 

measurement region by measurement methods such as the moiré method or digital image 

correlation. Suppose that part of the displacement in the analysis region is constrained, and a 

unit concentrated load Pj = 1 is applied at a point on the boundary. Let the displacement 

components at an internal point (xi, yi) be u'ij and v'ij. Here, i and j are indices for identifying 

measurement points and boundary load positions, respectively, where i = 1∼M and j = 1∼N. 

That is, the number of concentrated loads applied on the boundary is N, and the number of 

displacement evaluation points in the domain is M. The displacement components u′ij and v'ij 

can be regarded as compliance representing the relationship between a load applied at a 

boundary point and the displacement at an interior point. If the actual boundary load values are 

Fj, the following relationship holds by the principle of superposition: 

 

    ( 1 ~ ,  1 ~ )
 

i ij j

i ij j

u u F
i M j N

v v F

=
= =

=
  (1) 
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where ui and vi are displacement components at (xi, yi). The displacement components u′ij and 

v'ij can be obtained by FEA, while ui and vi are measured values. Therefore, if M > N, the 

boundary loads Fj can be obtained by the least-squares method as follows: 

 

 ( )
−

=
1

T T
F A A A U   (2) 

 

Here, F, A, and U denote the nodal forces on the boundary, the compliance matrix obtained 

from unit concentrated loads, and the measured displacement vector, respectively. 

Once the boundary load values Fj are obtained, strain values can be obtained by the principle 

of superposition as follows: 

 

    ( 1 ~ ,  1 ~ )

xi xij j

yi yij j

xyi xyij j

F

F i M j N

F

 = 

 =  = =

 = 

  (3) 

 

where xi, yi and xyi are strain components at (xi, yi), and the primed quantities denote 

components obtained when a unit load is applied at the j-th point. In this method, boundary 

loads are determined so that the displacement distribution matches the measured distribution. 

Furthermore, since the least-squares method is used considering measurement errors, the 

obtained results are considered to be highly reliable. 

 

Introduction of Regularization 
In the above method, the influence of measurement errors included in the input displacement 

leads to fluctuations in the identified boundary loads. As a result, while smooth and appropriate 

displacement and strain distributions are obtained inside the analysis region, some irregularities 

appear near the boundaries. Such phenomena are common in inverse problem analysis, and 

various regularization methods have been proposed.12 In this study, we propose introducing a 

regularization term that minimizes the second derivative of displacement: 

 

 ( )
1

, , , , , ,2T T T T T

xx xx xy xy yy yy

−

= + +  +F A A A A A A A A A U   (4) 

 

where  is the regularization parameter. By minimizing the second derivative of displacement, 

i.e., the variation of strain, fluctuations in strain near the boundary are reduced. As a result, 

appropriate strain values can be obtained not only inside the measurement region but also near 

the boundaries. 

 

Extension to Viscoelastic Bodies 
Consider the case where the measurement target is a linear viscoelastic body. In this case, the 

relationship between boundary loads and displacement varies depending on loading rate and 

elapsed time, and therefore it is not possible to correctly determine the boundary load values 

directly from the displacement distribution. On the other hand, since superposition holds for 

displacement and strain distributions, it is possible to obtain displacement and strain 

distributions by determining apparent boundary load values using the same method as for elastic 

bodies. However, stress values cannot be determined by superposition in the same manner as 

boundary loads. Therefore, after determining the time-dependent strain distribution, stress is 

  ANNUAL TRANSACTIONS OF THE NORDIC RHEOLOGY SOCIETY, VOL.  34, 2026

15 



calculated from the temporal variation of strain at each point using viscoelastic constitutive 

equations.13 Here, it is necessary to consider the time dependence of Poisson's ratio. In 

generating the compliance matrix A, analyses are performed by applying unit concentrated 

loads; however, if the Poisson's ratio used in this analysis is not correct, the superposition of 

displacements cannot be performed accurately. Since the Poisson's ratio of viscoelastic 

materials exhibits time dependence,14 the displacement components u′ij and v'ij obtained by 

applying unit loads must be calculated using viscoelastic analysis, and the matrix A must be 

constructed at each time step. 

 

Validation of Effectiveness 
To validate the effectiveness of the proposed method, displacement distributions obtained by 

FEA are used as input in place of measured values. The viscoelastic material properties of 

acrylic reported by Schapery et al.15 are used, and converted to a temperature of 463 K using 

the WLF time–temperature superposition principle.16 

A constant displacement rate of 0.1 mm/s is applied to the top of the 20 mm × 10 mm model 

for 10 seconds. Displacement distributions within a central region of 6 mm × 6 mm are extracted 

every second and used as simulated measurement data. The two-dimensional finite element 

model consisted of 8-node quadratic elements, with 200 elements and 666 nodes. For the 

analysis region of 6 mm × 6 mm, a separate finite element model is constructed using 8-node 

quadratic elements with 36 elements and 133 nodes. The same material properties and 

temperature are used. Unit concentrated loads are applied in the x and y directions at boundary 

nodes, and viscoelastic analyses are performed to obtain time-dependent displacement and 

strain distributions. By repeating this procedure for different load positions and directions, the 

matrix A is constructed at each time step. The number of boundary load conditions is N = 93, 

and the number of data points is M = 900. Since no measurement error is assumed in this 

simulation, regularization is not applied. 

Stress values in the proposed method are calculated from the temporal variation of strain 

components using history integration, where Simpson's rule is employed for numerical 

integration. Figure 1 shows the time variation of strain components at a certain point and the 

corresponding stress components calculated from them. As shown in Fig. 1, the strains and 

stresses obtained by the proposed method agree well with the exact solutions, demonstrating 

that the proposed method can accurately determine strain and stress in viscoelastic bodies. 

 
FIGURE 1: (a) Variation of strain components and (b) corresponding stress components 
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APPLICATION TO CONTACT PROBLEMS IN VISCOELASTIC BODIES 

Experimental Method 
Contact problems are generally difficult because boundary conditions at contact surfaces are 

not well known, resulting in low reliability of direct FEA. For example, at a contact interface, 

regions of slip and stick coexist, and these cannot be determined solely from a friction 

coefficient, making it difficult to accurately evaluate contact stress distributions.17 In contrast, 

the proposed method allows boundary loads, including those on contact surfaces, to be obtained 

from internal measurement data through inverse analysis. That is, it becomes possible to 

determine load distributions on contact surfaces. In this section, an example of stress evaluation 

near contact regions in a viscoelastic body using the proposed method is presented. 

Figure 2 shows the specimen and loading conditions used. The specimen is a circular disk 

made of polyurethane rubber. A random speckle pattern is applied to the specimen surface using 

black and white spray to enable displacement measurement by DIC. The relaxation bulk 

modulus and shear modulus of the material are determined using the virtual fields method.18 

Using the loading fixture shown in the figure, three types of contact conditions—normal 

and shear loading—can be realized.19 Independent coordinate systems are defined at each 

contact point. The experiment is conducted in a temperature-controlled chamber at 265 K, and 

the specimen is compressed vertically at a constant displacement rate of 0.045 mm/s. Images 

near the contact surface are captured at 1 frame/s using a monochrome CMOS camera with a 

resolution of 2048 × 2048 pixels (8-bit). A macro lens with a focal length of 200 mm and an 

aperture of f/11 is used. For DIC analysis, subsets of 31 × 31 pixels are used, with bicubic 

interpolation, a first-order shape function, and a step size of 5 pixels. Displacement and 

displacement gradients are obtained using the Newton–Raphson method.20 

 

Experimental Results 
Figure 3 shows examples of images obtained near each contact surface, displaying a region of 

1600 × 1600 pixels. As shown, a region of 10 mm × 5.5 mm including the contact surface is 

used as the analysis area. Figure 4 shows the displacement distribution obtained by DIC near 

contact surface A at t = 40 s. Using the displacement distributions obtained every second as 

input, stress analysis near the contact region is performed using the proposed method. Unit 

concentrated loads are applied in the x and y directions at each boundary node of a finite element 

 
FIGURE 2: Specimen and loading condition for contact stress analysis 
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model, and time-dependent displacement distributions are computed to construct the matrix A. 

The regularization parameter is selected as  = 0.01. 

Figure 5 shows the strain distribution at t = 40 s and the corresponding stress distribution 

obtained from the temporal strain history. Since contact surface A is subjected to normal loading, 

the strain and stress distributions are symmetric. Although the boundary conditions of the 

specimen are asymmetric, the analyzed region is a local region near contact surface A and 

sufficiently far from other contact surfaces B and C. Therefore, the stress and strain states in 

this region are dominated by the boundary conditions at contact surface A, and the observed 

symmetry is reasonable. Focusing on the normal stress component, the maximum compressive 

stress does not necessarily occur at the center of the contact surface but is distributed nearly 

uniformly or appears slightly off-center. On the other hand, the maximum compressive strain 

occurs at the center. This is attributed to earlier loading initiation at the center, leading to more 

advanced stress relaxation compared to surrounding regions.Furthermore, in normal contact, 

sticking occurs at the center while slipping occurs in surrounding regions, which also influences 

the stress distribution. 

Figure 6 shows stress distributions near contact surfaces B and C at t = 40 s. Under 

tangential loading, stress distributions are significantly skewed compared to those under normal 

loading, and exhibit complex patterns. Since stress varies significantly along the contact surface, 

it is inferred that regions of stick and slip coexist, similar to the case of normal contact. These 

regions may potentially be identified from the strain and stress distributions obtained by the 

proposed method, which will be investigated in future work. 

CONCLUSIONS 

In this study, a hybrid experimental–numerical method is proposed for obtaining strain and 

stress distributions in viscoelastic bodies. In this method, boundary conditions in the  

 
FIGURE 3: Images around contact surfaces 

 

 
FIGURE 4: Displacement distributions around contact surface A (t = 40 s) 
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measurement region are determined by inverse analysis so that displacement distributions 

obtained by measurement are reproduced. Regularization is introduced to reduce the influence 

of measurement errors. As a result, strain distributions can be obtained simultaneously with 

displacement fields. Since stress evaluation in viscoelastic bodies requires consideration of 

time-dependent material properties, stress is calculated from the temporal variation of strain 

using history integration. As examples of the application, contact problems in viscoelastic 

bodies is demonstrated. In full-field measurement methods such as DIC and moiré, the 

measured quantity is displacement, and strain must be obtained by differentiation, which 

 
FIGURE 5: (a) Strain distributions and (b) stress distributions at contact surface A obtained by the 
proposed method (t = 40 s) 

 
FIGURE 6: Stress distributions around (a) contact surface B and (b) contact surface C obtained by the 
proposed method (t = 40 s) 
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amplifies errors. In viscoelastic materials, stress must further be calculated from the temporal 

variation of strain, leading to cumulative errors and difficulty in achieving high accuracy. The 

proposed method overcomes these difficulties and is effective for stress and strain analysis of 

viscoelastic bodies. 
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ENERGY DISSIPATION IN COMPLEX TIME-DEPENDENT INTERACTIONS 

ABSTRACT 

Granular damping elements (GDEs) are promising tunable systems for energy absorption, 

vibration isolation, and damping applications. Their behaviour is governed by complex particle–

particle interactions, including frictional sliding, inelastic collisions, and the formation of force-

chain networks. This study investigates the influence of particle properties and casing stiffness 

on the static and dynamic response of GDEs using a combined approach of Discrete Element 

Method (DEM) simulations and experiments. Numerical simulations were conducted on 

monodisperse assemblies of metallic-like and polymer-like particles with varying diameters. 

The results show that energy dissipation is strongly linked to the evolving contact network 

topology, coordination number, sliding ratio, and particle compliance. Although softer particles 

exhibit higher absolute energy dissipation due to increased deformation, the specific damping 

capacity remains relatively consistent across cases, suggesting that frictional contact mechanics 

dominate the dissipation process. Experimental tests were performed using catenoidal 

thermoplastic polyurethane (TPU) casings of different wall thicknesses filled with glass beads. 

The results indicate that casing stiffness significantly influences both dynamic stiffness and 

damping behaviour. More compliant casings allow greater relative particle motion, leading to 

increased energy dissipation. However, they also exhibit higher dynamic stiffness, which in turn 

affects the system’s natural frequency. Overall, the findings demonstrate that dynamic stiffness 

and damping in GDE systems are inherently coupled and cannot be independently optimised. 

These results provide valuable insights for the design of next-generation granular damping 

systems with enhanced and tunable energy dissipation performance. 

INTRODUCTION 

Energy absorption and dissipation are leading mechanisms behind many beneficial 

technologies. Their use in critical systems (transportation, industrial machinery, power plants, 

etc.) and infrastructure (buildings, roads, railways, etc.) is foundational to enhancing safety, 

performance, efficiency, and well-being in modern society. Nonetheless, existing state-of-the-

art technologies often fall short in at least one of the key areas: performance, efficiency, 

sustainability, and adaptability. These systems frequently have limited energy absorption and 

dissipation capabilities, are typically made from non-recyclable materials, and have a narrow 

scope of applicability. The economic impact of these inefficiencies is significant, with losses 

from earthquakes, vibration-related industrial downtime, reduced turbine efficiency, transport 
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disruptions, and health-related costs collectively reaching billions to hundreds of billions of 

dollars. 

Tunable granular damping elements (GDEs) represent a transformative approach to energy 

absorption and dissipation. As an emerging class of new damping systems generation, they can 

be specifically tailored to achieve desired behaviour: shock absorption, energy dissipation, 

sound insulation, vibration isolation and damping, energy harvesting and so on. GDEs are 

structured assemblies of particles that interact through contact forces, which can include elastic, 

plastic, frictional, or dissipative interactions1,2 and can also provide load-bearing capacity via 

tunable mechanical properties such as elastic, shear, and bulk moduli3. By adjusting particle 

size, shape, material, and arrangement, their behaviour can be effectively “programmed” under 

external loading. In some configurations, granular materials enclosed in elastic containers have 

demonstrated up to 10× improvements in vibration damping compared to current state-of-the-

art solutions3.  

GDEs have broad potential across civil engineering (earthquake protection and 

infrastructure damping), transportation (rail vibration reduction), manufacturing (machine 

isolation), automotive and aerospace (crash protection and adaptive damping), defence (blast 

mitigation), medical devices (prosthetics and surgical tools), and energy systems (improved 

turbine stability and energy harvesting). They also support green transition4 and circular 

economy goals by enabling reuse of waste materials such as tires, conveyor belts, and 

composites, as well as the use of abundant natural granular materials like gravel. 

Compared to metamaterials with complex geometries or polymer-based damping systems, 

GDEs rely on force chain formation, friction, inelastic particle collisions, and internal material 

dissipation like shown in Fig. 1. Energy dissipation in GDE systems emerges from transient 

evolution of force-chain topology under constrained relative particle motion. Therefore, by 

simply filling elastic structures with granules can significantly enhance energy absorption and 

dissipation. Prior research on granular damping systems has shown 10–100× performance 

improvements5 over bulk material approaches due to pressure-dependent changes in stiffness 

and damping within confined granular media. However, accurately predicting and optimizing 

custom-designed GDE behaviour still requires deeper understanding of their underlying 

mechanisms. 

 
FIGURE 1: Main energy absorbing and damping mechanisms in GDEs.  
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This research will present the influence of particle parameters and GDE casing stiffness to 

the GDE static and dynamic stiffness and damping capabilities. The research is based on DEM 

simulations in combination with the experimental results. 

 

DEM SIMULATIONS 

The numerical analysis consisted of uniaxial compression simulations performed on 

monodisperse sphere assemblies confined within a rigid cylindrical specimen of 20 mm 

diameter and approximately 50 mm height, corresponding to an aspect ratio of 2.5. Two 

materials were considered: metallic-like (M1, E=80 GPa) and polymer-like (M2, E=3.5 GPa), 

representing a stiff-to-compliant material pair with an elastic modulus ratio of approximately 

23. Poisson's ratios were 0.3 and 0.38 for M1 and M2 respectively, and the inter-particle friction 

coefficient was set to 0.3 for both materials. To enable direct comparison of material effects at 

equivalent contact network topology, the number of particles was kept the same between both 

materials for each diameter: 18000 spheres for the 1 mm cases and 2250 spheres for the 2 mm 

cases. For the polymer-like assemblies (M2), this corresponds to a total mass of approximately 

13.4 g for both diameters. For metallic-like assemblies (M1), the identical particle counts yield 

a substantially higher mass of approximately 74.0 g, reflecting the density ratio of the two 

materials (7850 kg/m³ versus 1420 kg/m³). For each material and diameter combination, four 

quantities were extracted from the stabilised fifth loading cycle: assembly stiffness C, specific 

damping capacity η, coordination number Z, and sliding ratio S. The stiffness is defined as the 

slope of the loading curve and is calculated based on the maximum and minimum compressive 

forces (Fmax and Fmin) and displacements  (dmax and dmin) of the rigid plate. Specific 

damping capacity is defined as the ratio of the dissipated energy ΔU (which corresponds to the 

area enclosed by the hysteresis loop on a force–displacement diagram) and the maximum 

possible reversible energy of the system U. The coordination number is defined as the average 

number of contacts per particle, while the sliding ratio represents the fraction of sliding contacts 

(contacts for which the tangential force exceeds the Coulumb sliding treshlod). Together, these 

four parameters provide a coupled macroscopic and contact-level characterisation of the 

dynamic response. 

The mechanical response of the four granular assemblies was characterised through force-

displacement (F-d) curves recorded over five uniaxial compression cycles. Assembly stiffness 

and specific damping capacity were extracted from the stabilised fifth cycle, while the 

coordination number and sliding ratio were tracked as functions of applied compression force 

to provide contact-level insight into the observed macroscopic behaviour. 
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FIGURE 2: (a) Force-displacement curves, (b) stiffness and specific damping capacity 

 

The F-d curves in Figure 2(a) reveal a strong material dependence in both compliance and 

energy dissipation. M1 assemblies exhibit near-vertical loading branches, reaching 500 N 

within approximately 0.092 mm (1 mm) and 0.11 mm (2 mm), while M2 assemblies require 

displacements up to 0.63 mm and 0.70 mm, respectively. The substantially wider hysteresis 

loops of M2 immediately suggest higher energy dissipation per cycle, yet the quantified specific 

damping capacity given in Figure 2(b) reveals that η values range only from 0.250 to 0.305 

across all four cases. This narrow spread indicates that the dissipation fraction, energy lost 

relative to maximum potential elastic energy, is governed primarily by contact-level friction 

mechanics rather than bulk compliance, since the large difference in stiffness between M1 and 

M2 does not translate into a proportionally large difference in specific damping capacity. The 

absolute energy dissipated per cycle is, however, far greater for M2 due to its much larger 

displacement amplitude at the same force level. 

The stiffness shows a clear material-driven hierarchy (M1 approximately seven times stiffer 

than M2) and a consistent, material-independent size effect, 1 mm assemblies are approximately 

12% stiffer than their 2 mm counterparts for both materials. This size effect is directly correlated 

with the coordination number data in Figure 3(a), where 1 mm assemblies maintain higher Z 

values throughout loading, reaching approximately 4.55 versus 4.30 for M1, and 5.25 versus 

5.00 for M2 at 500 N. The denser contact network in smaller-particle assemblies provides more 

parallel load-bearing paths, explaining the stiffness increase. Importantly, M2 assemblies 

exhibit consistently higher coordination numbers than M1 across the entire loading range. This 

reflects the greater compliance of M2 contacts. At any given force level, M2 contacts deform 

more, increasing the likelihood of new contact formation and sustaining a richer force-chain 

network. 

The coordination number data also explain the evolution of the sliding ratio in Figure 3(b). 

All assemblies show a sharp drop in sliding ratio from approximately 0.26–0.28 at 5 N to a 

minimum near 0.14–0.16 at 100 N. This transition coincides with the steep rise in Z in the same 

force range, confirming that rapid contact formation redistributes the applied load across an 

expanding network, bringing individual contacts away from their Coulomb sliding threshold. 

Beyond 100 N, Z grows more gradually and the sliding ratio recovers steadily, indicating that 

newly formed contacts are progressively loaded toward sliding. Critically, M1 assemblies reach 

significantly higher sliding ratios at peak compression (~0.23–0.24) compared to M2 (~0.14–

0.18). 
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FIGURE 3: (a) Coordination number, (b) sliding ratio 

 

This inverse correlation between coordination number and sliding ratio across the two 

materials is physically consistent, suggesting that the higher Z in M2 distributes load more 

uniformly, keeping a greater fraction of contacts below the frictional limit. For M1, the lower Z 

concentrates force on fewer contacts, driving more of them into sliding which is a mechanism 

that directly links contact network topology to frictional activity. The relationship between 

contact network topology and η is clearest within the M1 assemblies. Despite M1 d=1 mm and 

M1 d=2 mm exhibiting nearly identical sliding ratios at peak load (~0.23), their specific 

damping capacities differ noticeably (0.305 versus 0.250). This is better explained by their 

coordination numbers: the higher Z of the 1 mm assembly (~4.55 versus ~4.30 at 500 N) 

provides more active contacts contributing to micro-slip, increasing the total dissipated energy 

without a proportional increase in stored energy. For M2 assemblies, the size effect operates 

differently: M2 d=2 mm has both a lower sliding ratio and lower Z than M2 d=1 mm at peak 

load, yet records the higher η (0.297 versus 0.286). Here the greater contact deformation of the 

more compliant 2 mm spheres amplifies the tangential micro-slip amplitude at each contact, 

offsetting the sparser contact network. Taken together, these results indicate that specific 

damping capacity is not controlled by a single contact-level quantity, but by the interplay 

between contact network density, captured by coordination number, and per-contact 

deformation, which scales with particle compliance. 

 

EXPERIMENTAL SECTION 

The numerical DEM results show that the amount of dissipated energy within the GDE 

element is strongly related to its stiffness. In our previous studies6 we demonstrated that the 

magnitude of dissipated energy is most significantly influenced by friction between the granules 

as well, which simultaneously also affects stiffness. For this reason, optimal specific damping 

capacity requires an appropriate level of friction that enables good flowability, or relative 

movement between the granules during loading, while at the same time ensuring sufficient 

energy loss due to sliding between them. 

To increase the possibility of relative movement between the granules during loading, it is 

necessary to provide an elastic casing for the GDE element. Since the DEM analysis presented 

in the previous chapter does not allow simulations with elastic boundary elements, this chapter 
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presents the influence of casing stiffness on the dynamic stiffness and the specific damping 

capacity of the GDE through experimental results. 

To show the influence of the stiffness of the GDE casing on its characteristics a catenoidal 

shape of GDE casing with three different thicknesses  (0.8, 1.2 and 1.6 mm) was selected and 

experimentally validated. GDE casings were 3D printed from soft TPU material and filled with 

glass beads of Mesh #20 size with some additional Vaseline added to decrease the friction 

between the beads. Simple 3D printed parts were used to cover the bottom part of the GDE 

casings after filling it with granulate. Bottoms were glued to TPU casings using a super glue. 

The shape of the sample is presented in Figure 4. 

 

 

FIGURE 4: Shape of GDE element used for experimental evaluation 

 

To check how dynamic stiffness and specific damping capacity change with static preload, 

several different preloads have been used (50, 100, 150, 200, 250, 300, 400, 500 and 600 N) on 

which cyclic loading with constant displacement amplitude of 0.125 mm has been added (10 

cycles at each preload). The processed experimental results are shown in two graphs in Figure 

5. 

Results for all investigated specimens show that dynamic stiffness increases progressively 

with the preload. Due to the progressive characteristics of the catenoid, such results are 

expected. If we look more closely at the specific damping capacity results, we can find that it is 

maximal at a specific preload of the test specimen, which, however, varies from test specimen 

to test specimen. A closer examination of the obtained results reveals that the optimal specific 

damping capacity for a given catenoidal shape occurs at approximately the same static height. 

However, since the static stiffness is conditioned by the thickness of the shell, the optimal height 

for samples with different thicknesses is obtained at different static loads. The optimal preload 

height for used shape is around 21 mm (9 mm compressed sample). 

If specific damping capacities are further compared, it is observed that the highest values 

are found in the samples with the lowest wall thickness, which are also characterized by the 

greatest elasticity in terms of their static behaviour. Combining these findings, we can conclude 

that in order to ensure the optimal shape and consequently characteristics (best specific damping 

capacity), it is important to properly adapt the damping element to the static load, which can be 

done by optimizing the thickness and geometry of the GDE casing or the stiffness of the material 

from which it is made. 
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FIGURE 5: Experimental results: (a) Specific Damping Capacity, (b) Dynamic Stiffness 

 

A very important finding from these results is that the dynamic stiffness of samples with 

lower static stiffness is higher than those with higher static stiffness. This is partly related to the 

fact that the height of the sample on which the dynamic loading is performed is different 

between samples. For samples with lower static stiffness, it is already shifted more into the 

progressively increasing part of the stiffness curve, while for samples with higher static stiffness 

it can remain in the flatter part of the curve. The second part for this phenomenon is related to 

the fact that in samples with lower stiffness the proportion of damping compared to stiffness is 

higher, which results in much steeper unloading curve of the Force-Displacement characteristic 

and consequently higher dynamic stiffness. This indicates that stiffness and damping are closely 

related and therefore cannot be independently controlled at the level of an individual GDE 

element. 

 

CONCLUSIONS 

This study investigated the energy dissipation mechanisms and dynamic behaviour of 

granular damping elements (GDEs) using a combination of DEM simulations and experimental 

analysis. The obtained results demonstrate that the damping performance of GDE systems is 

governed by the complex interplay between particle-scale contact mechanics and the global 

stiffness of the enclosing structure. The presented results also indicate that the behaviour of 

granular damping systems cannot be fully understood through bulk constitutive descriptions 

alone, but requires explicit consideration of evolving contact-network topology and constrained 

particle kinematics. 
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The numerical simulations showed that the amount of dissipated energy is strongly related 

to the contact network topology, coordination number, sliding ratio, and particle compliance. 

Softer materials exhibit significantly larger deformation amplitudes and therefore greater 

absolute energy dissipation.  However, the specific damping capacity is governed 

predominantly by frictional interactions at particle contacts, indicating that the damping 

behaviour originates primarily from transient internal reconfiguration processes within the 

granular contact network. 

The experimental investigation confirmed that the stiffness of the elastic GDE casing has a 

major influence on the dynamic response of GDE elements. Softer casings allow greater relative 

movement between granules, resulting in improved specific damping capacity. The results 

further revealed that the optimal specific damping capacity is achieved at a specific static 

preload level corresponding to an optimal compressed height of the element. This indicates that 

the geometry, wall thickness, and material properties of the casing must be carefully adapted to 

the expected operating conditions. 

An important finding of this work is that specific damping capacity and dynamic stiffness 

are strongly coupled properties and therefore cannot be independently controlled at the level of 

an individual GDE element. Consequently, achieving optimal performance requires 

simultaneous optimization of particle properties, inter-particle friction, particle size, casing 

geometry, and casing stiffness. 

The presented results contribute to a better understanding of complex time-dependent 

interactions in granular systems and provide a foundation for the development of advanced 

tunable damping solutions for applications in civil engineering, transportation, manufacturing, 

energy systems, and vibration-sensitive technologies. 
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BACKWARD INCREMENTAL DIGITAL VOLUME CORRELATION FOR HIGH-
FIDELITY INTERNAL DEFORMATION MAPPING IN IDOX/ESTANE 

PARTICULATE COMPOSITES 

 

ABSTRACT 
In-situ X-ray micro-computed tomography (µCT) combined with Digital Volume Correlation 
(DVC) has become a cornerstone for quantifying internal deformation and damage in particulate 
composite materials. However, conventional DVC often struggles to maintain accuracy when 
materials undergo large nonlinear deformations accompanied by severe cracking and structural 
discontinuity. This paper addresses these limitations by implementing a robust backward 
incremental DVC approach to analyze the failure mechanisms of a mock plastic-bonded 
explosive (PBX) composite. The experimental setup involved a cylindrical specimen composed 
of IDOX crystals (75–150 μm) embedded in a polyurethane-based Estane binder. During 
unconfined compression, sequential µCT scans were acquired to capture the internal structural 
evolution. Unlike conventional forward-marching methods, the backward approach performs 
correlations in reverse, processing from the most deformed and fragmented state back to the 
original undeformed configuration through incremental steps. This methodology significantly 
enhances displacement tracking fidelity, particularly in regions where severe cracking and 
interfacial failure typically cause a loss of correlation in traditional frameworks. The results 
demonstrate that backward incremental DVC provides superior resolution of displacement and 
deformation fields near crack-affected regions. This high-fidelity mapping allows for the 
detailed observation of critical failure stages, including grain-binder interface delamination and 
subsequent crack coalescence. By successfully capturing these complex, grain-scale 
interactions, the study provides a vital dataset for the validation of high-fidelity numerical 
simulations. Ultimately, this approach offers a more reliable pathway for characterizing the 
intricate mechanical response and fracture evolution of heterogeneous particulate composites 
under extreme loading conditions.  
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INTRODUCTION 
Quantifying the internal mechanical response and damage evolution of highly filled particulate 
composites, such as plastic-bonded explosives (PBXs), remains a formidable challenge in 
experimental mechanics. These energetic materials consist of a high volume fraction of 
crystalline particles embedded in a soft polymeric binder, a microstructural design intended to 
optimize both functional output and safe handling [1-3]. Due to the distinct stiffness mismatch 
between the rigid grains and the compliant binder, the macro-scale structural integrityof PBXs 
is highly dependent on complex, localized micro-scale interactions [4-6].  

To avoid the hazards associated with live explosives, inert surrogate materials such as 
IDOX/Estane are heavily utilized in experimental characterization, exhibiting mechanical 
similarity to active composites across various thermal and loading regimes [3, 7-9]. While 
surface-based optical techniques like Digital Image Correlation (DIC) capture macroscopic 
failure patterns that eventually reached to the surface of the specimen, understanding subsurface 
behavior requires three-dimensional internal characterization. In-situ X-ray micro-computed 
tomography (µCT) coupled with Digital Volume Correlation (DVC) has thus emerged as the 
premier method for resolving volumetric deformation fields [1, 11].  

Despite its advantages, standard DVC algorithms conventionally operate in a forward-
marching manner, using the undeformed image as the continuous reference state. When dealing 
with particulate composites under compressive loads, severe cracking, interface delamination, 
and subsequent material fragmentation induce significant structural discontinuities. These 
events frequently cause conventional forward DVC algorithms to decorrelate, losing critical 
kinematic data exactly where damage localization is most severe. To overcome these 
fundamental limitations, this study utilizes a backward incremental DVC methodology [1]. By 
designating the heavily damaged, peak-deformed geometry as the initial reference and stepping 
backward toward the continuous undeformed state, the technique stabilizes correlation 
convergence and provides unprecedented resolution of crack coalescence and grain-binder 
interactions.  

MATERIALS AND METHODS 
Material Synthesis and Specimen Preparation 
A high-fidelity inert surrogate was manufactured using recrystallized IDOX crystals with grain 
sizes ranging between 75 and 150 µm. These particulates were combined with a polyurethane-
based Estane binder at a 19:1 weight ratio, achieving a 95% particle loading density 
characteristic of high-performance PBX formulations. Following blending, the composite 
mixture was hot-pressed at 50°C under 152.8 MPa of pressure for a duration of one minute. The 
compacted billets were subsequently machined into cylindrical specimens with optimized 
dimensions of 5 mm in both diameter and height, tailored specifically for unconfined 
compressive testing. (See also FIGURE 1.) 
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FIGURE 1: (a) Schematic of the in-situ X-ray micro-computed tomography system (b) IDOX/Estane Composite 
Specimen.  
 
In-Situ Micro-Computed Tomography (µCT) Setup 
The compression testing was conducted entirely in-situ within a ZEISS Xradia 520 Versa X-
ray microscope, equipped with a customized unconfined compression loading stage. To mitigate 
frictional barreling artifacts at the boundary interfaces, the top and bottom surfaces of the 
composite cylinder were lubricated prior to testing. The loading platen compressed the 
specimen at a quasi-static displacement rate of 0.5 mm/min. Volumetric image datasets were 
acquired at six specific engineering strain (𝜖𝜖𝑧𝑧) intervals: 0.0%, -4.0%, -8.0%, -12.0%, -13.2%, 
and -14.4%. At each load step, the µCT system captured projections over a full 360° rotation 
using an X-ray source set to 160 kV and 50.3 µA, with an 8-second exposure time per projection. 
This procedure yielded highly detailed reconstructions featuring an isotropic voxel resolution 
of 12.93 µm, which were subsequently cropped to 601x601x501 pixel volumes to streamline 
computational correlation. 

Backward Incremental Digital Volume Correlation 
To evaluate the complex internal deformation, an open-source correlation tool (i.e., iDVC) was 
utilized. A critical advantage of this framework is its reliance on the local correlation of discrete 
subvolumes, effectively bypassing the need to formulate a global coupled stiffness matrix that 
frequently destabilizes during severe material fracture. Because standard tracking algorithms 
fail when cracks open and introduce void spaces, a reverse-tracking scheme was implemented 
and adopted for partciculate composites with major fracture patterns and fragmentation. In this 
study, the analytical process began at the maximum compressive strain state (𝜖𝜖𝑧𝑧 = −14.4%) 
and systematically traced material points backward to the pristine, undeformed state (𝜖𝜖𝑧𝑧 =0.0%). 
This reverse orientation ensures that control points remain anchored exclusively in solid 
material. Kinematic data was resolved by minimizing a normalized sum of squared differences 
(NSSD) function, which evaluates intensity variations between the reference and deformed 
configurations. The computational analysis employed 40-pixel cubic sub-volumes populated 
with 10,000 random sampling points. Sub-voxel precision was attained via tricubic 
interpolation, while the Newton-Raphson numerical method drove the minimization 
convergence. 
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RESULTS AND DISCUSSION 
The in-situ tomographic scans provided a clear, uninterrupted timeline of internal degradation 
within the IDOX/Estane specimen. Initially, up to a compressive strain of -4.0%, the composite 
deformed homogeneously with only minor rigid body rotation and no visible fracturing. The 
critical damage occurred before -8.0% strain, marked by the rupturing of the polymeric binder, 
separation at the grain-binder interfaces, and the fracture of individual IDOX crystals. As the 
compressive load reached the final evaluated state (-14.4%), these isolated defects rapidly 
expanded and merged. The resulting fracture morphology presented a fragmented fracture 
profile throughout the specimen.  This localized damage divided the cylindrical specimen into 
a relatively intact inner core surrounded by heavily fragmented peripheral wedges. 

Standard forward-marching correlation attempts collapsed during the early stages of crack 
formation due to the rapid introduction of discontinuities. Conversely, by treating the most 
severely damaged configuration as the baseline, the backward incremental approach effectively 
modeled a virtual unloading process. Control points were securely positioned within intact 
material regions, successfully navigating around the complex crack networks. This method 
yielded exceptional computational stability; even during the most demanding correlation step 
where major fractures were virtually closed, the failure rate for control points was a mere 0.23% 
(representing only 10 points out of 4298). The algorithm maintained high-quality NSSD 
metrics, processing each load step in 1000 to 2485 seconds using a dual Intel Xeon workstation. 

 

 
FIGURE 2: The distribution of control points throughout the sample shown in multiple slices.  

 
By mathematically inverting these reverse trajectories, accurate forward-oriented 

displacement fields were successfully recovered. These 3D maps highlighted severe kinematic 
disparities across the fractured zones. For instance, following the primary fragmentation event, 
there is a further expansion in crack morphology in different sections of the sample up to the 
last step of the compressive strain (i.e., -14.4%). Furthermore, displacement magnitudes in the 
upper portion of the composite were nearly an order of magnitude greater than those at the fixed 
base, directly reflecting the downward influence of the moving platen. 
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FIGURE 3: Post-processed incremental displacement vector field.  

 

 
FIGURE 4: Full field cumulative displacement vector field post processed from backward DVC results.  
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CONCLUSION 
This research demonstrates the efficacy of a reverse-marching correlation strategy for mapping 
the complex internal mechanics of dense particulate systems. Using the IDOX/Estane composite 
as a structural analog for high-explosive formulations, the study successfully captured the 
macroscopic shift from uniform viscous flow to catastrophic brittle failure. The analysis 
identified two distinct failure mechanisms: localized, patchy fracturing driven by 
microstructural grain interactions, and the eventual development of dominant, shear-driven 
macroscopic bands.These high-resolution kinematic fields serve as crucial validation targets for 
advanced multiscale numerical simulations. Subsequent investigations will leverage these 3D 
datasets to formulate micromechanical damage models and extend the backward tracking 
methodology to evaluate failure mechanisms in KelF/F50 polymer sand composites under 
diverse loading regimes. 
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THE EFFECT OF SHEARING ON BARITE SAG 

ABSTRACT 

Sag of weight material is an oil or geothermal well drilling phenomenon that is difficult to 

determine from industry standard measurements.  To create a sag free fluid, it is necessary to 

create a structure in the fluid even though it is in a liquid state.  Thus, the elastic responds must 

be larger than the energy loss responds in the fluid.  This is possible in a water-based drilling 

fluid, but not in an oil-based fluid.  Oil-based fluids is a combination of a multimodal dispersion 

and an emulsion.  There are no real gels formed in an oil-based drilling fluid.  The fluid is 

thickened by having Brownian motion to develop a geometrical structure of water droplets or 

solid particles.  Adding barite to a drilling fluid will increase the density and also bring more 

particle with a huge surface area and thus viscosify the fluid. 

Sag in water-based drilling fluids has its highest severity at 1.55 sg.  However, because of 

the nature of polymers in water-based drilling fluids, sag is not a problem as long as the 

polymers are well dispersed.  For higher densities the sagging barite particles float up on the 

material creating a counterflow helping to disperse the barite.  The situation is more complex 

for oil-based drilling fluids.  There are normally no real networks creating a real yield stress or 

a real gel structure.  The viscosity is constructed by adding emulsified water with additives 

working in the oil-phase between the water droplets. 

Because of the size of the barite, the oilfield viscometer size is constructed with a gap 

somewhat larger than 1mm to provide viscosity data relevant for frictional pressure losses in 

the drill pipe and in the annulus.  As mentioned above barite act like a viscosifier in addition to 

act as a weighting agent.  Thus, sag cannot be determined by the properties of the fluid m being 

much larger than the barite particle volumes.  The interesting parts controlling the sag is likely 

to be due to the droplet emulsion as it forms the fluid volume relevant for the barite.  

If  the drilling fluid is sheared properly, both the droplet size and the interdroplet distances 

are reduced.  The barite particle size has not been changed.  But the barite particle cannot move 

without creating a flow making a collision between water droplets.  Even though it is not 

measured on viscosity measurements made in accordance with standards, this increases the 

viscosity significantly seen from the individual barite particles.  Hence, sag can be reduced by 

shearing. 
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INTRODUCTION 

Barite sag is a phenomenon that is challenging, or sometimes impossible, to detect using 

industry standard measurements1,2. It has been suggested that to create a sag free fluid, the fluid 

must develop a structured network even when it is in a liquid state. In other words, the fluid's 

elastic modulus, G’, should exceed the energy loss modulus, G’’ also when being subject to 

shear.  This condition can be achieved in water-based drilling fluids, but is generally not possible 

in oil-based fluids. Oil-based drilling fluids do not form true gels; instead, they thicken due to 

Brownian motion creating a geometrical structure of water droplets and solid particles. Adding 

barite increases the drilling fluid's density, but it also introduces a large number of particles with 

extensive surface area. This makes barite act as a viscosifier as well as a weighting agent. This 

is illustrated in Fig. 1 which is based on data from Halvorsen et al.3 who measured Herschel-

Bulkley parameters as function of density for an oil-based drilling fluid. The Herschel-Bulkley 

model is used here with dimensionless shear rates, indicating that the drilling fluid’s viscosity 

is proportional to the sum of its yield stress and excess stress at shear rates relevant to drilling 

operations, divided by the relevant shear rate4 as shown in Eq. 1. 

 

     𝜏 = 𝜏𝑦 + 𝜏𝑠 (
𝛾̇

𝛾̇𝑠
)
𝑛

        (1) 

 

where 𝜏𝑦 is the yield stress, 𝜏𝑠 is the additional stress or surplus stress at the typical flow shear 

rate, 𝛾̇𝑠, 𝛾̇ is the actual shear rate and n is the flow index.  As illustrated in Fig. 1, the yield stress 

of the drilling fluid exhibited a gradual increase with the addition of barite. At a shear rate of 

170 s⁻¹, representative of conditions encountered when drilling 8½″ sections, the corresponding 

shear stress increases to an even greater extent than the yield stress alone. This additional 

contribution, referred to as the surplus stress, becomes increasingly pronounced as barite 

concentration rises, whereas the flow index, or curvature index remains largely unaffected. The 

shear stress at 170 s⁻¹ can therefore be obtained by summing the yield stress and the surplus 

stress, as expressed in Eq. 15. 

 

 

 
FIGURE 1: Barite as viscosifier in an oil-based drilling fluid.  Data based on Halvorsen et al.3 
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The Bingham plastic model as defined in API and ISO procedures6,7, does not provide 

sufficiently accurate viscosity estimates in the low shear-rate regime that is critical for 

evaluating barite sag2.  In contrast, the Herschel–Bulkley model provides a reasonable 

approximation of drilling-fluid viscosity across a broad range of shear rates and is therefore 

widely applied in hydraulic pressure-loss calculations.  Because the model is strictly empirical 

and have only limited relations to internal structures in the fluids, it cannot simultaneously 

reproduce accurate viscosity values for hydraulic calculations and for improving fluid stability.  

The low shear-rate yield point (LSYP), as defined by Zamora and Power and incorporated into 

API specifications8,6, offers a practical approximation of the yield stress for use in pressure-loss 

predictions. The LSYP is calculated as 𝜏𝑦 = 2𝜏3 − 𝜏6, where 𝜏3and 𝜏6correspond to dial 

readings at 3 and 6 rpm on a standard rotational viscometer. Although this parameterization is 

adequate for hydraulic modeling, the following analysis demonstrates that LSYP-based values 

are insufficient for determining the rheological characteristics required to prevent barite sag. 

The yield stress of a complex fluid cannot be represented by a single, well-defined value. 

Rønningsen9, in his analysis of the rheology of waxy crude oils, describes the yielding process 

as a sequence of distinct deformation regimes: “When subjected to a given shear stress, the 

rheological response is characterized by an initial, transient elastic deformation, followed by a 

creep flow period at very low shear rate, the length of which depends on the shear stress, then 

a fairly rapid collapse of the gel towards an equilibrium shear rate, characteristic for a given 

temperature”. This behaviour illustrates that flow initiation does not occur instantaneously. 

Instead, yielding begins only once the applied shear stress exceeds a critical level, and the rate 

at which flow develops depends both on the magnitude of the applied stress and on the 

microstructural characteristics of the fluid. Consequently, startup flow may proceed gradually 

or abruptly, depending on the fluid composition and the imposed stress conditions. 

 

 

SAG IN OIL-BASED DRILLING FLUIDS   

Sag in water-based drilling fluids reaches its maximum severity at a density of approximately 

1.55 sg2. At higher fluid densities, the settling barite particles induce a counter-flow of the 

continuous phase, which enhances barite dispersion and mitigates further sag. In water-based 

systems, the presence of well-dispersed polymers generally prevents significant sagging, as 

these polymers establish sufficient structural integrity to stabilize the suspension. 

The behaviour of oil-based drilling fluids is more complex. These systems typically lack a 

true three-dimensional network capable of generating a substantial yield stress effect or a robust 

gel structure. Instead, their viscosity arises primarily from internal placement of emulsified 

water droplets and the action of oil-phase additives that interact within the continuous oil 

medium. 

Because barite particles and fluid loss additives are relatively large, oilfield viscometers are 

designed with a measurement gap of 1.17 mm to ensure that the recorded rheological properties 

reflect frictional pressure losses in both the drill pipe and the annulus. As noted previously, 

barite functions not only as a weighting material but also contributes to the apparent viscosity 

of the fluid. Consequently, sag cannot be reliably assessed using rheological measurements 

obtained at measurement volume scales significantly larger than the characteristic barite particle 

size. 

A key factor influencing sag behaviour is likely the droplet emulsion, since the barite 

particles are suspended within the continuous oil phase that contains dispersed water droplets. 
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The barite therefore experiences a two-phase flow environment in which the suspended solids 

interact with a fluid microstructure composed of elements significantly smaller than the barite 

itself. For a typical oil-to-water ratio of approximately 80/20 and a reasonably uniform droplet 

size distribution, the mean spacing between water droplets will be on the order of the droplet 

diameter. This geometrical observation is independent of the absolute droplet size. 

Omland10 presented an electron microscopy image of an unsheared oil-based drilling fluid 

showing water droplets approaching 100 µm in diameter (Fig. 2), illustrating the variation in 

the scales of the emulsion structure that governs barite suspension behaviour. 

 

 

 
FIGURE 2: Example of a nearly un-sheared oil-based drilling fluid10.  Courtesy of T.H. Omland 

 

In the illustrative example shown in Figs. 3–4, an unsheared drilling fluid contains 

numerous barite particles whose D₅₀ values are comparable to, or smaller than, the emulsion 

droplet size. Under these conditions, many barite particles encounter relatively unobstructed oil 

channels between the large droplets, allowing them to settle rapidly through the continuous 

phase (Fig. 3). In such a system, the only mechanism resisting sag is the viscosity of the base 

oil itself. 

Referring to the fluid sample shown in Fig. 2, if the emulsion droplet size approaches 

100 µm, then all barite particles in a standard API barite particle size distribution would be 

prone to settle. This effect is anticipated as the emulsion microstructure expectedly provides 

insufficient hindrance to the barite particles downward migration.  It is necessary to comment 

that this tendency of all barite particles sagging down is modified also by other phenomena.  For 

barite particle sizes close to 5 micron, the settling speed due to gravity becomes equal to the 

particle speed caused by Brownian motion.  Furthermore, several oil wettable additives are 

introduced in the oil phase, such as organophilic clays and oil wetting surfactants, and 

sometimes polymeric materials.  Thus, it is the larger barite particles that may be prone to sag 

if the internal fluid properties are not designed to sufficiently prevent this. 

When the emulsion in the drilling fluid illustrated in Fig. 3 is subjected to sufficient shear, 

the water droplets are reduced in size, as depicted in Fig. 4. This reduction decreases the inter-

droplet spacing, which becomes comparable to the new, smaller droplet diameter. The barite 

particle size, however, remains unchanged by the shearing process.  Under these conditions, the 

barite particles that previously settled freely through the large droplet network in Fig. 3 can no 

longer move without creating frequent collisions with the dispersed water droplets. These 
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droplets, in turn, also interact with one another, producing localized rearrangements and 

occasional leapfrogging behaviour. Collectively, these interactions substantially increase the 

effective internal viscosity as experienced by the barite particles. Thereby, this phenomenon 

markedly reduce sag even though the viscosity of the bulk drilling fluid creating the frictional 

pressure loss for the annulus flow can remain unchanged. 

 

 

 
 

FIGURE 3: Illustration of a nearly un-sheared oil-based drilling fluid emulsion with oil-water ratio around 80/20 

(blue particles are water droplets) with one similar size barite particle (red particles) 

 

 

 
FIGURE 4: Illustration of a sheared oil-based drilling fluid emulsion with oil-water ratio around 80/20 (blue 

particles are water droplets) with barite particles of the same size as illustrated in Fig. 3 (red particles). 

 

Field experience clearly demonstrates that applying sufficient shear to a drilling fluid 

reduces its tendency to exhibit barite sag10,11 for the time period where the droplet distribution 
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remains stable. In a shear test conducted at a drilling-fluid plant, a 25 m³ premix was subjected 

to intensive shearing. Although no measurable change in filtrate viscosity was detected using 

the standard rheological procedures provided by API, the electrical stability (ES) increased 

markedly. This rise in ES indicates that the emulsion droplets were broken into smaller droplets, 

which experience greater hydrodynamic resistance when moving through the base oil to bridge 

off the electrical circuit in the ES measurements. Such microstructural refinement is therefore 

expected to significantly diminish barite sag11. 

 

PROPERTIES OF OIL-BASED DRILLING FLUIDS 

Most introductory fluid-mechanics texts include a brief discussion of the characteristic length 

scales required for continuum descriptions of fluid flow. Batchelor’s An Introduction to Fluid 

Dynamics12 is no exception. In his treatment, he presents measurements of fluid density for a 

simple Newtonian fluid as a function of the sample volume to which the measuring instrument 

responds.  For a large such volume the density may vary because of natural variations of spatial 

distribution of density.  When this volume becomes sufficiently small, a constant density is 

obtained representing the local value of fluid density.  For even smaller volumes measured the 

measured density begins to fluctuate due to molecular-scale variations, illustrating the 

breakdown of the continuum approximation at very small length scales. 

For an oil-based drilling fluid the situation becomes less predictable. Measurable variations 

in density, along with variations in viscosity and other properties arise at fluid volumes far larger 

than those at which molecular-scale fluctuations appear in simple liquids. This behaviour is 

illustrated in Fig. 5. An oil-based drilling fluid comprises a heterogeneous mixture of emulsified 

brine in a base oil, organophilic clays or polymers, barite, and several additional additives. The 

relevant characteristic length scale is on the order of ten times the diameter of the largest barite 

particles. When API-grade barite is used, this requirement yields a representative element 

volume corresponding to a spherical volume with diameter of approximately 0.70 mm, below 

which the fluid can no longer be assumed to exhibit uniform properties. 

Figs. 5 and 6 provide an illustration of this effect. As the measurement volume is 

progressively reduced along the trajectory indicated by the boxes in the diagonal in Fig. 5, a 

corresponding density response illustrated in Fig. 6 is obtained. Even so, the density variations 

observed here occur at volumes several orders of magnitude larger than those reported by 

Batchelor12 for simple fluids, reflecting the much coarser microstructural heterogeneity inherent 

to oil-based drilling fluids.  In addition to density, similar effects caused by the measurement 

volume will be found for other properties like rheological parameters.  

A consequence of using the simplified representation shown in Fig. 5, the flow behaviour 

of an oil-based drilling fluid is most appropriately interpreted within the framework of 

multiphase or multicomponent flow.  For the larger barite particles, stability depends on their 

interaction with a surrounding mixture composed of droplets and smaller solid components that 

are orders of magnitude smaller than the barite itself. When the characteristic barite size 

approaches that of the surrounding dispersed entities, a multicomponent flow description may 

be required. 

In such cases as described in the previous sections, constitutive models developed for 

suspensions using physical framework, such as the Quemada model13,14,15,16, may offer a more 

useful starting point than applying empirical models based on curve fitting viscosity data.  With 

suitable modification or extension, a model should potentially be adapted to describe barite sag 

under conditions where particle–droplet and particle–particle interactions dominate the 

suspension rheological performance. 
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FIGURE 5: Illustration of a simplified oil-based drilling fluid composition (blue particles are water droplets) with 

one size barite particles (red particles) and other additives (green bars).  The squares show the volumes of fluid to 
which the measurements belong. The volumes vary in size along the diagonal. 

 

 

 
FIGURE 6:  Example of an oil-based drilling fluid density as function of the measurement volume 

 

 

 
FIGURE 7:  Un-sheared oil-based drilling fluid premix (no Barite) to the left and sheared premix to the right. 

Measurement bar length is 20 micron. 

 

The viscometer specified by API requirements6 is designed to generate rheological data 

appropriate for pressure-loss calculations. It operates using a rotating-cylinder geometry in 

which the sample is contained within a measurement cup, following the classical configuration 
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described by Whorlow17. To ensure valid continuum-scale measurements, the gap between the 

cylinders must be at least an order of magnitude larger than the largest suspended particles. For 

drilling and wellbore fluids, these largest particles are typically on the order of 75 µm, 

necessitating a gap width exceeding 1 mm. 

Because of the large measurement gap in oilfield viscometers, viscosity values obtained 

from such instruments cannot be expected to reflect the stability of fluids whose governing flow 

phenomena occur at much smaller length scales within the microstructure. In common well 

circulated oil-based drilling fluids, emulsion droplets typically fall within the 5–10 µm range, 

as illustrated in Fig. 7 for diluted samples. Consequently, API-type viscometers probe a volume 

far too large to capture the microstructural interactions that control barite suspension and sag 

behaviour. 

 

SUMMARY 

Barite sag in oil-based drilling fluids arises from interactions within a multiphase system 

composed of barite particles, emulsion droplets, and base oil. Because barite particles are much 

larger than the surrounding droplets, their stability depends on how effectively the smaller 

dispersed phases hinder particle settling. When droplet sizes are large or insufficiently sheared, 

barite can move through free oil channels and sag rapidly. Proper shearing reduces droplet size 

and thus spacing without destroying other typical oil-based drilling fluid components (with the 

exception of calcium carbonate), increasing hydrodynamic resistance and creating a more 

complex multiphase flow environment that significantly suppresses barite sag.  These internal 

flow effects cannot be monitored using viscosity measurements in accordance with API 

requirements. 
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MEASUREMENT METHOD FOR DENSITY OF DRILLING FLUIDS AT HIGH 
PRESSURE AND TEMPERATURE  

ABSTRACT 
Large-scale deployment of CO₂ storage will require the drilling of numerous new wells, 

introducing additional operational challenges. One key concern is the potential influx of CO₂ 

into the wellbore during drilling operations, which can significantly alter the thermophysical 

properties of drilling fluids, including density and viscosity. A reduction in drilling fluid density 

or hydrostatic pressure may compromise well control and, in severe cases, lead to blowout 

incidents. It is therefore essential to quantify the impact of CO₂ dissolution on drilling fluid 

properties under representative downhole conditions, with pressures up to 400 bar and 

temperatures up to 100 °C. 

Conventional densitometers are not suitable for these measurements due to the presence of 

solid particles in drilling fluids. To address this limitation, a dedicated experimental method 

was tested based on monitoring the volume changes of the fluid under controlled pressure, 

temperature, and CO₂ loading conditions. This paper first presents a detailed description of the 

experimental methodology. Subsequently, representative results are provided for drilling fluid 

density measurements, highlighting the influence from dissolved CO₂, pressure and temperature 

on fluid density behavior. 

 

INTRODUCTION  

Drilling fluids, commonly known as drilling muds, are essential to oil and gas well construction. 

Although they may appear to be simple circulating fluids, they are carefully engineered systems 

designed to perform several critical functions simultaneously. As drilling progresses, the drill 

bit generates significant heat and friction; drilling fluids cool and lubricate the bit, improving 

drilling efficiency and extending equipment life. They also transport drilled cuttings from the 

bottom of the wellbore to the surface, preventing accumulation that could cause blockages or 

stuck pipe. In addition, drilling fluids help maintain wellbore stability by forming a thin filter 

cake on the borehole wall, reducing fluid invasion and minimizing the risk of formation 

collapse. They also transmit hydraulic energy to downhole tools and suspend weighting 

materials and solids when circulation stops1. 

Among all drilling-fluid properties, density is arguably the most important because it 

directly controls the hydrostatic pressure exerted by the fluid column2. Maintaining the correct 

pressure balance is essential throughout drilling operations. If the fluid density is too low, 
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formation fluids such as oil or gas may enter the wellbore, leading to kicks and potentially 

blowouts3. Conversely, excessive density can fracture the formation, causing lost circulation 

and increasing operational costs. Achieving and maintaining the optimal density therefore 

requires continuous monitoring and adjustment. 

The importance of density becomes even greater in complex drilling environments where 

gases such as CO₂ dissolve into the fluid or where multiple phases, including oil, water, and 

solids, coexist4. Under these conditions, density is not constant but varies with pressure, 

temperature, and composition. Even small changes can significantly affect well control. 

Consequently, accurate characterization of drilling-fluid density under realistic downhole 

conditions is essential for safe and efficient drilling operations. 

Several techniques are available for density measurement. Simple methods include 

hydrometers, which determine density through buoyancy, and pycnometers, which calculate 

density from precise mass and volume measurements5. While both methods can provide reliable 

results, they are generally limited to laboratory conditions at ambient pressure and temperature. 

More advanced techniques include vibrating U-tube densitometers, oscillating piston 

densitometers, and optical methods such as refractometers and ultrasonic density meters. These 

instruments offer high precision for many fluids but are often best suited for particle-free, 

homogeneous systems6. 

For high-pressure and high-temperature applications, specialized instruments are required. 

Common options include high-pressure vibrating-tube densitometers, sinker-based densimeters, 

and pressure–volume–temperature (PVT) cells. However, when measuring drilling-fluid 

density in the presence of dissolved CO₂ over a wide pressure range (approximately 30–400 

bar) and temperatures up to 100 °C, many conventional methods become inadequate. 

Hydrometers and pycnometers cannot operate under controlled high-pressure conditions, 

while optical techniques are affected by suspended solids, emulsions, and CO₂ bubbles that 

interfere with light transmission or sound propagation. Vibrating U-tube densitometers, 

although highly accurate for single-phase fluids, face challenges with drilling muds containing 

barite, clays, cuttings, and dissolved gas. Solid particles can alter oscillation behavior, while 

CO₂ may come out of solution during pressure changes, forming bubbles that disrupt 

measurements. Tube fouling and erosion further reduce long-term reliability7. 

Similar limitations affect oscillating piston and sinker-based systems. Suspended solids can 

cause wear or sticking in piston mechanisms, while buoyancy-based measurements assume a 

uniform fluid phase that may not exist when CO₂ induces phase separation, foaming, or gas 

release. Temperature variations also influence fluid rheology and compressibility, further 

complicating accurate density determination8. 

Among the available techniques, the PVT cell offers significant advantages for complex 

drilling-fluid systems. Unlike oscillation- or buoyancy-based instruments, it determines density 

from direct measurements of fluid volume under controlled pressure and temperature 

conditions. This approach is less sensitive to solids, gas bubbles, and multiphase behavior, 

making it particularly suitable for CO₂-laden drilling fluids. Furthermore, PVT cells provide 

excellent control of thermodynamic conditions and can accommodate heterogeneous fluids 

while capturing the effects of gas dissolution, phase changes, and compressibility9. 

In this study, a high-pressure PVT cylindrical piston cell was used to investigate the 

influence of CO₂ on drilling-fluid density over pressures ranging from approximately 30 to 400 

bar and temperatures from ambient conditions to 100 °C. The results provide valuable insight 

into density variations under realistic downhole conditions and demonstrate the suitability of 

the PVT-cell method for density measurements in CO₂-invaded drilling fluids. This validation 

is important because conventional density-measurement techniques are generally unable to 
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capture the combined effects of CO₂ dissolution, multiphase behavior, and suspended solids 

under high-pressure, high-temperature conditions. 

 

 

METHOD 

The experimental methodology for evaluating the density variation of drilling fluids under 

varying pressure, temperature, and CO₂ concentration is based on a high-pressure piston–

cylinder (PVT) system designed to replicate downhole conditions. The cylindrical piston cell 

made up of titanium was used to perform experiments at high pressure and high temperature 

conditions. The core component of the setup is a 1 L piston-operated mixing cylinder connected 

to a hydraulic pump, which enables precise control of pressure and volume through piston 

displacement. The system is capable of operating up to approximately 400 bar and temperatures 

up to 100 °C, thereby covering the relevant thermodynamic range for drilling applications10.  

Initially, the base drilling fluid (oil-based or water-based) is introduced into the mixing 

cylinder at ambient conditions. Carbon dioxide, and in some cases methane, is then injected into 

the system using a secondary piston-cylinder gas transfer method. In this approach, the gas is 

first loaded into a separate gas cylinder at controlled pressure and volume and subsequently 

transferred into the mixing cylinder. This procedure allows accurate determination of the mass 

of injected gas and therefore the precise control of CO₂ concentration, expressed as the mass 

fraction of the total fluid–gas mixture11.  

Following gas injection, the system is pressurized and the mixture is homogenized to 

achieve thermodynamic equilibrium. Homogenization is enhanced by placing a rolling steel ball 

inside the cylinder and mounting the system on an oscillating platform or rocker. The mixture 

is typically agitated for extended periods (e.g., overnight) at high pressure to ensure complete 

dissolution of CO₂ into the drilling fluid and to avoid phase segregation.  

To ensure that density measurements are conducted under single-phase conditions (i.e., with 

fully dissolved gas), the bubble point of the mixture is determined using a pressure–volume (P–

V) expansion method. In this procedure, the piston is gradually withdrawn at a constant rate, 

resulting in controlled expansion of the fluid while continuously recording pressure. A distinct 

change in the slope of the P–V curve indicates the onset of phase separation, and the 

corresponding pressure is identified as the bubble point. All subsequent density measurements 

are performed at pressures above this threshold to prevent the formation of free gas and maintain 

a homogeneous fluid phase.  

The density of the drilling fluid–CO₂ mixture is determined indirectly from the volume 

changes measured via piston displacement. Since the total mass of the system is known from 

the initial fluid loading and controlled gas addition, the density is calculated based on the 

measured volume of the mixture. The volume is inferred from the displacement of the hydraulic 

fluid in the piston system, with corrected for the compressibility of the hydraulic fluid and the 

mechanical deformation of the cylinder. By gradually adjusting the piston position, the 

relationship between pressure and volume is obtained, allowing evaluation of density as a 

function of pressure.  

The measurement procedure typically begins with establishing a reference condition by 

determining the density of the base drilling fluid without dissolved gas over the pressure range 

of interest. Subsequently, CO₂ is introduced, and the density of the gas-loaded fluid is measured 

under identical pressure conditions while maintaining pressure above the bubble point. 

Temperature effects are incorporated by heating the mixing cylinder using an external heating 

jacket to specified values (e.g., 50 °C or 100 °C) and repeating the pressure–volume 
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measurements at each temperature. This approach allows systematic evaluation of density 

variation with respect to pressure, temperature, and CO₂-concentration within a single 

experimental framework12.  

Due to potential uncertainties in absolute volume determination, such as the presence of 

microscopic air bubbles in the hydraulic fluid, the method is particularly suited for determining 

relative density changes rather than absolute density values. Therefore, the results are often 

reported as density variations with respect to a reference state, typically defined as the density 

of the gas-free drilling fluid at ambient conditions. This approach improves measurement 

reliability while still capturing the impact of CO₂ dissolution and thermodynamic conditions on 

fluid density.  

Overall, the piston–cylinder PVT method provides a robust and controlled approach for 

investigating the thermophysical behavior of drilling fluids exposed to CO₂. By integrating 

precise control of pressure, temperature, and gas concentration with continuous monitoring of 

volume changes, the method enables detailed characterization of density variation under 

realistic downhole conditions, thereby supporting both experimental analysis and the 

development of predictive models for well-control applications. 

 

RESULTS AND DISCUSSION  

Evaluation of the cylinder volume 
The density evaluation first requires a careful evaluation of the cylinder volume in the whole 

range of studied pressure and temperature. The assessment of the cylinder volume was carried 

out in three steps: 

1- Evaluation of a reference volume, at room temperature and one pressure (50 bar) 

2- Evaluation of volume change under pressure variations. 

3- Evaluation of the volume change under temperature variations. 

For the first step, the volume of the cylinder at 50 bar was evaluated by displacing the inner 

piston from one end of the cylinder to the other at constant pressure, we found that the volume 

at 50 bar and 23°C was 1010 mL.  

Secondly, a test was performed with water only to evaluate the dilatation of the cylinder at 

room temperature. The pressure increased from atmospheric pressure to 400 bar, then decreased 

from 400 bar to atmospheric pressure. The data in FIGURE 1 shows the volume change of the 

cylinder during pressure ramp (b), calculated from the amount of water received by the pump 

(a).  

 

 
FIGURE 1: (a) Cumulative water volume injected by the pump during pressure increase at 23°C. (b) 

Deduced cylinder volume at room temperature, deduced from graph (a) and taking into account water 
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compressibility. The orange curve shows the experimental data, while the black line shows the linear 
regression in the range 20 - 400 bar.   

 

We first note that the injected water – pressure relation is linear in the range 30 – 400 bar. 

However, at lower pressure, the curve does not follow this linear trend. We believe that this is 

due to the presence of a small amount of air bubbles in the water, which dissolve when the 

pressure reaches 30 bar. This indicates that the density method presented in this paper should 

be limited to for pressures above about 30 bar. The cylinder volume is calculated from the 

injected water volume, taking into account the compressibility of water. The volume at 50 bar 

is adjusted to the reference value 1010 mL. We see that when the pressure is about 30 bar, the 

pressure sensitivity for the cylinder volume at 23°C is given by the linear relation: 

  

V [in mL] = 0,0103 P [in bar] + 1009,6 (1) 

 

To take into account the effect of temperature on the volume, Eq. 1 is corrected using the 

volumetric thermal dilatation coefficient of titanium: 𝛼 = 3 ∙ 10−5 𝐾−1, giving: 

 

V [in mL] = (0,0103 P [in bar] + 1009,6) ∙ (1 +  𝛼(𝑇 [𝑖𝑛 °𝐶] − 23)) (2) 

 

Eq. 2 shows that the cylinder volume increases by about 4 mL when the pressure is increased 

from 50 to 400 bar, while an increase of the temperature from 23°C to 100°C leads to a volume 

increase of 2 mL 

 

 

Validation of the method 
Some tests have been performed using a base oil to check that the effect of density variation 

with pressure are well captured with the cylinder method. The density measured with the 

cylinder is compared with densitometer measurements in FIGURE 2. 

As mentioned before, the cylinder tests do not provide an absolute density evaluation, 

therefore the initial oil volume has been manually adjusted to ensure that the density at 50 bar 

measured by both method match. FIGURE 2 shows that the slope of the pressure-density curve 

is the same for both methods. The density at 1 bar obtained from the cylinder method is 5 kg/m3 

lower than the density read from the densitometer; this is as explained before due to a small 

amount of bubbles in the liquid in the cylinder. 

 

 
FIGURE 2: Comparison of density measured by the cylinder method and by an Anton Paar 

densitometer 

  ANNUAL TRANSACTIONS OF THE NORDIC RHEOLOGY SOCIETY, VOL.  34, 2026

55 



 

 

 

Results on an oil-based drilling fluid with dissolved CO2 
A drilling fluid – CO2 mixture has been prepared following the method described by Skogestad 

et al. (2024)12. Here, we present the results of the density measurements obtained with the 

cylinder method. In these experiments, we measured consecutively the density for the following 

conditions (pressure was not decreased below 30 bar after the experiment was started): 

1- Fluid without CO2 at 23°C 

2- Fluid without CO2 at 50°C 

3- Fluid without CO2 at 100°C 

4- Fluid with CO2, 4% of the total weight, at 23°C 

5- Fluid with CO2, 4% of the total weight, at 50°C 

6- Fluid with CO2, 4% of the total weight, at 100°C 

7- Fluid with CO2, 4% of the total weight, at 23°C 

Steps 4 and 7 are similar conditions and allow us to check the repeatability of the test. The 

measured pressure-density curves are shown in FIGURE 3. We observe that the density of the 

drilling fluid decreases when the temperature increases and decreases when CO2 is 

dissolved.This is in agreement with previous observations10,11. 

  
FIGURE 3: Density measurement on oil-based drilling fluid at three different temperatures, (a) without 

dissolved CO2 and (b) with 4% CO2 weight fraction. 

 

Skogestad et al. (2024)12 have shown that the density of an oil-based drilling fluid after 

dissolution of 8% CO2 by weight could be correlated with the density of base-oil – CO2 mixture, 

under the assumption that the CO2 dissolves only in the base oil (and not in the brine droplet or 

solid phases). Similarly, we can compare the experimental density values from FIGURE 3 with 

the theoretical density, calculated from the density of the components. The assumptions for this 

calculation are as follows: 

- The initial fluid is composed of three phases: base oil (56.6%, 835 kg/m3), brine (24.3%, 

1200 kg/m3) and solids (19.1%, 3900 kg/m3). The solid fractions have been provided by 

the manufacturer, the base oil density has been measured, the other densities at 400 bar 

have been estimated so that the density of the OBDF at 23°C and 400 bar is about 1510 

kg/m3. 

- The volumetric thermal dilatation coefficient of brine is 4.10-4 K-1 13; the density of the 

brine droplets is therefore 1187 kg/m3 at 50°C and 1164 kg/m3 at 100°C. No CO2 

dissolves in brine. 

- The volumetric thermal dilatation coefficient of solids is 4.10-5 K-1 14; the density of the 

solids is therefore 3896 kg/m3 at 50°C and 3888 kg/m3 at 100°C. 

(a) (b) 
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- The density of the base oil is affected by the temperature and the CO2 loading, as shown 

in FIGURE 4 (a). Assuming that the CO2 dissolves only in the base oil, 4% of CO2 by 

weight of OBDF corresponds to 12% of CO2 by weight of base oil. The densities of the 

base-oil with dissolved CO2 are therefore 852 kg/m3 at 23°C, 833 kg/m3 at 50°C and 

797 kg/m3 at 100°C. 
 

  
FIGURE 4: (a) Density measured with the densitometer for base-oil CO2 mixtures, at 400 bar. Data 
from Skogestad et al. (2024)12. (b) Density of OBDF – CO2 mixtures at 400 bar. The filled symbols 

represents measurements with the cylinder method and are taken from FIGURE 3. The empty circles 
and triangles are calculated values. 

 

FIGURE 4 (b) shows that under these assumptions, the calculated values are similar to the 

values measured by the cylinder method. It confirms that the cylinder method serves to 

accurately measure the variation of the drilling fluid density as a function of temperature, 

pressure, and dissolved gas content. 

 

CONCLUSION 

We have presented in this paper a method to evaluate how the density of a fluid is affected by 

pressure, temperature and gas content. We show that for a simple fluid (base oil), this method 

gives similar results as a densitometer. The advantage of this method is that it is effective to 

study complex industrial fluids such as drilling fluids, as it does not have any limitations 

regarding volume content and size of particles. 
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IN SITU RHEOLOGY OF THE BIOFILM FROM A NITRYFYING BIOREACTOR 
RELEVANT FOR RAS – A PROOF OF PRINCIPLE STUDY 

ABSTRACT 

Nitrifying bioreactors are a vital component of recirculating aquaculture systems (RAS) 

to maintain the required water quality. Bioreactors contain suspended plastic carriers on which 

nitrifying microorganisms grow. Understanding the rheology of biofilms that form on these 

carriers can provide useful information that can be correlated with other analyses to monitor the 

development and stability of the microbial communities, both over the lifetime of the bioreactor 

and in response to environmental changes, such as the salinity changes typical of salmonid 

aquaculture. The standard carriers have an open patterned geometry for biofilm formation and 

good fluid flow through but is not convenient for in situ rheological measurements. In this study, 

we included carriers in the same material (HDPE) and with the same external dimensions but 

with a 20mm diameter flat surface area suitable for placement within the rheometer. The carriers 

were placed in stainless steel “tea-ball” cages in two lab-scale bioreactors with different 

configurations for five weeks and then retrieved. After securing the carrier within the rheometer 

(Kinexus Ultra+ with a 20mm roughened parallel plate upper geometry) the upper plate was 

lowered to a normal force of 0.05N.  Oscillatory measurements (frequency sweep and amplitude 

sweep) and creep compliance measurements confirmed the biofilm on the carrier surface as a 

solid dominant viscoelastic solid at low strain.  This is comparable with the reported behaviour 

of microbial biofilms.  

INTRODUCTION 

A biofilm is a complex community of micro-organisms, such as bacteria and fungi, 

embedded in an extracellular matrix composed of self-excreted polymeric substances, which 

provides adhesion to a growing surface, cohesion to the community, and a barrier against 

external agents as well as protection from shear forces and mechanical disruption1, 2. Biofilms 

may be problematic if they grow in medical or hygiene settings and provide pathogenic bacteria 

with protection against antibiotics and disinfectants, but in other circumstances, such as in 

recirculating aquaculture systems (RAS) bioreactors, they can be beneficial, and provide 

stability for a microbial community that performs an industrial function3. The secreted 

extracellular polymeric substances (EPS) of the biofilm may variably include polysaccharides, 

protein, lipids and DNA. As with other cellular systems imbedded in extracellular matrices, the 

rheology of both the EPS itself and the total biofilm is important for functionality.  
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In RAS, nitrifying microorganisms are grown in a biofilm on solid phase carriers within a 

bioreactor. The biofilm microbial community is essential for removing the ammonia produced 

by the fish from the recirculating water through the process of nitrification. These are not static 

systems, and the microbial communities are dynamic, developing over time and responding to 

resource competition and changes in environmental conditions. For salmonid aquaculture, the 

transition from freshwater to saltwater conditions represents a significant environmental change 

which can influence the performance of the bioreactor and where the EPS matrix may play a 

role in the robustness of the microbial community 4.  

It is well established that biofilm rheology can be influenced by the mechanical perturbations 

involved in removal from the growth surface5-7 so it is desirable to measure rheology in situ. 

The standard biofilm carriers used in bioreactors have an open patterned geometry for biofilm 

formation and good fluid flow through that is not convenient for in situ rheological 

measurements. In this proof of principle study, we included within the bioreactor carriers in the 

same material (HDPE) and with the same external dimensions but with a 20mm diameter flat 

surface area suitable for in situ rheological characterisation of the biofilm.  

MATERIALS AND METHODS 

Carriers were produced at the Mechanical Workshop of the Faculty of Natural Sciences, 

NTNU, in HDPE in cylindrical form with external dimensions 5mm height, 25mm diameter as 

shown in Fig. 1 to match the standard carriers.  

 

 

 
 

FIGURE 1. design of the rheometer compatible bioreactor carrier   

 

Carriers were submerged for five weeks in either a lab-scale activated sludge bioreactor or a 

moving bed biofilm reactor (MBBR). The bioreactors were operated under environmental 

conditions that selected for nitrifying microbes, including continuous aeration and addition of 

required substrates. To prevent interference from other carriers and ensure consistent 

orientation, the carriers were enclosed in a metal mesh to protect the surface that would be used 

for rheology, (the smaller disc as seen in Fig. 1). Both bioreactors were operated under 

continuous flow with a hydraulic retention time (HRT) set to 25-26h, a pH range of 7-8, and 

room temperature. The media fed to the reactors were synthetic wastewater composed of 

ammonium sulphate ((NH4)2SO4, 0.2 g/L), potassium dihydrogen phosphate (KH2PO4, 0.3 g/L), 

sodium carbonate (Na2CO3, 1 g/L), and 10 mL/L trace metal solution. pH of the media was 

adjusted to 7.5. During the experimental period, the system was challenged by decreasing HRT 

and/or increasing the ammonium concentration in the media. Spectrophotometric analyses 

showed that both reactors had a full conversion of ammonium to nitrate, indicating that the 

nitrification process was established. The carriers were stored in the fridge for 2 days before 

rheology measurements. 
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Rheology measurements were carried out using a Kinexus Ultra + rheometer (Netzsch), fitted 

with a 20mm diameter roughened parallel plate upper geometry at room temperature. The lower 

surface of the biofilm covered carrier was cleaned with 70% ethanol and the carrier was secured 

to the lower plate of the rheometer, and the upper plate was lowered to a normal force of 0.05N 

before commencing measurements. The following rheological tests were performed in the order 

given: 

Frequency sweep 10-0.1Hz, logarithmic sampling (10 points per decade) with a target strain of 

0.1%. Creep compliance repeated cycle 3x (20 Pa stress for 30s, with 2 minutes recovery time) 

followed by 3x (50 Pa stress for 30s, with 2 minutes recovery time). Amplitude sweep 0.1-100% 

strain logarithmic sampling (10 points per decade) at a frequency of 1 and 0.1Hz.  

RESULTS 

Oscillatory measurements showed the biofilm behaved as a viscoelastic solid dominant 

material at low strains, transitioning to flow dominant behaviour at higher strains (see fig. 2 A 

& B). Within the linear viscoelastic region, the absolute moduli were frequency dependent with 

a trend towards slightly higher phase angle at lower frequency (see fig.2 C). As the amplitude 

sweep is a potentially destructive test (if the material is not rheologically reversible) these were 

carried out last on the test biofilm matrix, after both the frequency sweep and the creep 

compliance measurements. However, the second amplitude sweep at lower frequency carried 

out after a rest period of 10 minutes shows a recovery of viscoelastic properties with broadly 

comparable moduli values to the frequency sweep.  
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FIGURE 2. oscillatory rheology of the biofilm in situ on the bioreactor carrier showing an amplitude 

sweep at 1Hz (A), an amplitude sweep at 0.1Hz (B), and a frequency sweep in the linear viscoelastic 
region (0.1% strain) (C)  

  ANNUAL TRANSACTIONS OF THE NORDIC RHEOLOGY SOCIETY, VOL.  34, 2026

63 



 

 

Creep compliance measurements also showed the biofilm behaved as a viscoelastic material 

with recovery of initial properties during the 2 minute recovery time (fig. 3). The compliance 

values were higher for 50Pa stress (fig. 3 D-F) than for 20Pa stress (fig. 3 A-C) indicating the 

stress was outside the linear viscoelastic regime and the in situ  biofilm was more prone to 

deformation, however the 3 repeats showed similar behaviour suggesting that the material was 

not permanently weakened by the applied stress despite exceeding the limits of the linear 

regime.  
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FIGURE 3. creep compliance of the in situ biofilm with 3 cycles of 20Pa constant stress for 30 seconds 
with 2 minutes recovery time (A-C), followed by 3 cycles of 50Pa constant stress for 30 seconds with 2 

minutes recovery time (D-F) 
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DISCUSSION 

This proof of principle study was intended to investigate the possibility of in situ 

measurements of rheology in biofilms present RAS bioreactors. To approach this question, we 

utilised laboratory scale nitrifying bioreactors and adapted carriers for initial testing. Visually, 

examination of the carrier surface suggested the presence of microbial biofilm material and the 

rheological testing carried out indicted a thin layer of viscoelastic material present on the carrier 

surface. The rheological data obtained indicate the biofilm was reasonably robust to 

perturbations, with repeated measures outside the linear viscoelastic regime generating similar 

data with relatively short recovery times (fig. 2 A&B, fig. 3). However, the in situ measurement 

system avoided the major perturbations linked to scraping and compression during loading onto 

the rheometer for testing that have been shown to significantly influence rheological results 5-7. 

Whilst reported rheology of biofilms varies widely based on the microorganisms involved and 

the growing conditions 6-10, the data reported here show similar fundamental viscoelastic 

behaviours to previous reports, particularly for biofilms grown on solid supports 5, 6. Based on 

these data, we believe the method has potential for monitoring aspects of biofilm stability in 

RAS.  
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MICRO-RHEOLOGY OF BIOLOGICAL AND BIO-ARTIFICIAL FLUIDS  

ABSTRACT 

 

Microrheology is a quite new, but interesting technique in the biological field. This non-

destructive measuring methods infers elastic and viscous flow parameters from the motion of 

embedded tracer particles using the generalized Stokes-Einstein relation. It is offering access 

from 1 to 10.000 Hz with small sample volumes (µl) and cellular-scale resolution. This study 

has been focusing on the viscosity of different biological fluids like cerebrospinal fluid (CSF, 

human), synovial fluid (SF, dog, horse) and artificial CSF and SF. 

The viscoelastic behavior of the studied samples is largely attributable to their protein 

content. To test this, artificial cerebrospinal fluid (CSF) and synovial fluid (SF) as well as their 

individual components were prepared and analyzed, using the same parameters as for 

corresponding biological samples. To validate the method, measurements were compared with 

macro-rheological data and demonstrated that the results from both approaches are 

complementary1,2,6,8. 

 

INTRODUCTION 

 

Microrheology studies the mechanical properties of viscous materials in a microscopic 

behavior. Due to the low sample amount and the non- destructive measuring technique, this 

method is quite interesting for biological probes. Compared with conventional rheology, 

microrheology can cover a broader frequency range from 1 to 10000 Hz. It has been shown that 

microrheological measurements agree very well with conventional double gap measurements. 

For this reason, this technique is perfect for biological samples due to the fact that it is often 

difficult to get enough sample volume for conventional measurements (e.g. tears, synovial 

fluid). This method can be divided in two different measuring types, i.e.  the active and the 

passive. In active microrheology particles are driven by an external force, for example a 

magnetic field, whereas the passive form uses well defined and freely diffusing tracer particles 

exhibishing  Brownian motion, driven by thermal energy. This mobility is measured to obtain 

the viscosity and the structure of the fluid. The mean square displacement (MSD) is an important 

parameter in microrheology for quantitative interpreting of the viscosity and sheer modulus of 
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the sample. In Newtonian fluids, the slope of the MSD directly yields the diffusion coefficient 

and thus the viscosity via the Stokes–Einstein relation. In viscoelastic samples, the MSD 

enabling determination of the frequency-dependent modulus from passive tracer motion 1,8,12. 

In this study, artificial cerebrospinal fluid (CSF)3,4,5,7,14, artificial synovial fluid (SF)13, 

human cerebrospinal fluid, and synovial samples from dogs and horses were used 3,4,5. It should 

be noted that the synovial fluid samples from dogs were collected from animals with joint 

problems, whereas the horse samples were taken from unaffected joints post mortem. 

MATERIALS AND METHODS 

 

Human CSF samples were collected from patients suffering from hydrocephalus, as part of the 

standard medical therapy. 

 

 

Synovial fluid samples from dogs were collected from “Tierklinik Sattledt” as excess 

material during necessary treatments or examinations. 

 

 

Synovial fluid sample from horses were collected from “Tierklinik Tillysburg” post mortem. 

As the horses showed no abnormalities in their gait or signs of discomfort, it was assumed that 

there were no pathological changes in the synovial fluid; however, no clinical examinations 

were performed. 

 

 

Artificial SF 
 

TABLE 1: Composition of artificial SF, with a concentration of 3 g/L in total13. 

 

Substance Amount 

Ig G 20 mg 

Hyaluronic Acid, 1440 kDA 5,6 mg 

Human Albumin (20%) 0,2 ml 

Ringersolution 1,8 ml 
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Artificial CSF 

 
TABLE 2: Composition of artificial CSF, with a concentration of 19 g/L in total14. 

 

Substance Amount 

Glucose 69,8 mg 

Lactate 18,2 mg 

Human Albumin 180 µl 

Ringersolution up to 100 ml in total 

 

 

 
 
Collection 
 
All fluids were collected under sterile conditions, and the samples were stored in sterile sample 

containers at 4 °C until measurement. 

 

 

Conventional Rheometry 
 
All samples were measured using the double-gap method with an Anton Paar rheometer (Anton 

Paar, MCR 702, Graz, Austria) at 37 °C with a double gap geometry (DG26.7/T200/SS). 

 

 

Microrheology 
 
For passive microrheology measurements, a sample volume of 1 mL was spiked with 30 µL of 

tracer particles (0.1 µm, Polystyrene, Sigma-Aldrich) in a plastic microcuvette and 

homogenized. Measurements were performed on the Malvern Zetasizer Nano Plus with a 621 

nm laser at a 173° backscattering angle at 37 °C. 

 

Conventional Rheology 
 
The measurements were performed on an Anton Paar Rheometer 702, with the double gap 

method also at 37 °C9,10,11. 

 

 

High Frequency Rheology 
 
An electromechanical quartz crystal tuning fork (dimensions of 6x1,5x0,35mm³) vibrates at a 

frequency of 25 - 28 kHz with amplitudes in the nm range. Fluid forces acting on the vibrating 

element change the resonance characteristics of the electrical frequency response. From these 

changes the sheer moduli are determined. The exact sheer rates are non-unform und unknown, 
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but low. Also, the vibration frequency cannot be adjusted. However, this method is most 

sensitive to changes of rheological fluid properties and features additional benefits including 

low sample volume, fast temperature control, low cleaning effort, high robustness, and low 

fouling due to conformal parylene coating of the sensor. 

 

 

RESULTS AND CONCLUSION 

 

Comparing microrheological measurements of hyaluronic acid and humane albumin (Fig. 1) 

shows stronger interactions in humane albumin compared to pure hyaluronic acid, which 

suggests the formation of a protein network in the human albumin. All measurements are 

performed at body temperature for better comparison of the results. 

 
 

FIGURE 1: Storage modulus and viscosity of hyalurionic acid and humane albumin at 36 °C. 
 
 

In Fig. 2, artificial synovial fluid was compared with the synovial fluid of a horse and a dog. 

It can be shown that the storage modulus and viscosity of the artificial synovial fluid behave 

similarly to those of the horse. In contrast, the values for the dog’s synovial fluid are lower. One 

possible reason is that the dog suffered from joint disorder, whereas the horse showed no 

abnormalities in its joint apparatus. 
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FIGURE 2: Storage modulus and viscosity of artificial SF and SF from horse and dog at 36 °C. 
 

Fig. 3 shows a comparison between human CSF and artificial CSF. The storage modulus 

and viscosity values of the human samples are very similar, whereas the artificially prepared 

CSF falls within a much higher frequency range, and its viscosity is below the storage modulus. 
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FIGURE 3: Storage modulus and viscosity of artificial CSF, ID 46 and ID 47 at 37 °C. 

 

In Fig. 4, the integration of conventional rheology with microrheology is shown. On the 

right, a red dot marks a measurement with a high-frequency sensor. It was demonstrated that all 

three measurement methods agree very well and can be effectively combined. In other words, 

microrheological measurements on biological samples with small sample volumes can provide 

a good prediction for the frequency range of conventional measurements 5. 
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FIGURE 4: Comparison of Micro- (right hand side) and Macrorheology (left hand side) and a red 

sensor point of ID 72 at 37 °C. 
 

 

 

In summary, it can be shown that biological samples from humans and animals exhibit a 

network structure that is less pronounced in artificially prepared solutions. These viscous 

properties are important for joint lubrication in the case of synovial fluid. In patients with 

hydrocephalus, the viscosity of the CSF might become an important clinical parameter for 

deciding whether a shunt will be necessary after intraventricular or subarachnoid hemorrhage. 

Initial experiments with a high-frequency sensor showed that this very fast method also yields 

values similar to those from microrheological investigations. Further samples need to be 

examined and compared with laboratory parameters, and the artificial solutions may need to be 

adjusted to achieve better viscosity values. 
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RHEOLOGY OF BIOLOGICAL AND BIO-ARTIFICIAL FLUIDS 

ABSTRACT 

Although rheology is not widely utilized in medical research as compared to polymer science, 

it can provide valuable contributions wherever biological fluids are studied. Rheology applies 

a certain mechanical load to the sample and the receiving flow properties are measured. This 

can help to investigate the flow behavior of biological fluids under simulated “natural” 

conditions and achieve a better understanding of the flow behavior of these fluids.  

This study focused on investigating the flow behavior of cerebrospinal fluid (CSF, human) 

and synovial fluid (SF, horse). A closer look at CSF and SF shows that these biological fluids 

exhibit certain similarities to polymer solutions. CSF and SF are aqueous solutions which 

contain certain amounts of macromolecules, such as different proteins. These macromolecular 

components are only present in low concentrations; however, they are expected to be 

responsible for the specific flow behavior. In order to support this relation, corresponding 

artificial bio-fluids were prepared and rheologically characterized following the same procedure 

as for the biological fluids. Specific interactions in such biological fluids can be reflected by 

viscoelasticity. Therefore CSF, SF and the relevant artificial fluids were compared based on 

their viscoelastic behavior.  

The overall goal is to gain a better understanding of the rheological behavior of these 

biological fluids and their response to applied mechanical load in shear flow. Additionally, it is 

investigated whether rheological measurements can aid clinical practice for disorders involving 

CSF or SF. 

 

INTRODUCTION 

Studying the flow behavior of materials is a cornerstone of polymer science as it allows for the 

mechanical characterization of polymer samples. Rheology is comparatively underrecognized 

in the medical sciences1, 2. Biological fluids are typically dilute aqueous matrices that contain 

macromolecular components, such as proteins, which are expected to modulate their flow and 

viscoelastic properties3-5. Biological materials rarely behave as ideal elastic solids or ideal 

viscous liquids. Instead, constituent interactions in synovial (SF) and cerebrospinal fluids (CSF) 

lead to viscoelasticity6. Viscoelasticity can be investigated using oscillatory rheometry, which 

quantifies the elastic component (storage modulus, G′) and the viscous component (loss 

modulus, G″)7. Rheology may provide a positive contribution to characterizing the flow 
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behavior of biological fluids and further on to evaluating whether rheological parameters may 

provide an addition to the treatment decisions in the clinical routine. 

This study focused on equine SF, CSF from human hydrocephalus patients, and artificial 

alanogues to determine how individual components influence the specific flow behavior. SF 

acts as a lubricant, supplies the avascular articular cartilage with nutrients and removes 

metabolic waste8. CSF serves to protect the brain and spinal cord and therefore must exhibit 

properties that enable effective mechanical cushioning and regulatory properties9. Some studies 

have already been focused on the investigation of artificial fluids. Bortel et al.10 formulated 

artificial SF to make joint prosthesis wear testing more physiologically realistic. Artificial CSF 

has also been investigated by Zheng et al.11 to replicate the ionic composition of native CSF, 

thereby providing a controlled, physiologically relevant medium for reproducible experiments. 

Therefore all samples the biological, as well as the bio-artificial samples were rheologically 

investigated with a rotational rheometer, equipped with a measuring geometry especially for 

low viscosity fluids12. 

 

MATERIAL AND METHODS 

SF samples were drawn postmortem from horses of the vet clinic Tillysburg. The CSF samples 

were drawn from human hydrocephalus patients via an external ventricular drainage places for 

routine treatment after intracranial hemorrhage at the Department of Neurosurgery, Kepler 

University Hospital and Johannes Kepler University Linz. 

To enable a more detailed investigation, artificial analogues were prepared from its principal 

composition and most relevant constituents. CSF consist of proteins, glucose, lactate and 

electrolytes3, 4. Given that albumin is reported to account for more than 50% but less than 75% 

of total protein, albumin was assumed to represent the protein fraction3. For the synovial fluid 

analogue, a hyaluronan solution was applied10. Human Albumin (20%), D(+)Glucose, Sodium 

L-Lactate and a ringer solution were used for preparation.  

Table 1 presents the sample composition of the artificial CSF which was prepared in 

100 mL ringer solution 3, 4. Additionally an albumin solution (19 g/L) and a hyaluronic acid 

(HA) solution (3 g/L) were prepared in ringer solution. 

TABLE 1: Compostion of artificial samples3, 4. 

Sample Albumin Glucose Lactate 

aCSF 180 µL 68.7 mg 18.6 mg 

 

For the rheological measurements a rotational rheometer Physica MCR702 (Anton Paar 

Ltd., Graz, Austria) with a double gap geometry (DG26.7/T200/SS). Rotational and oscillatory 

rheological tests were conducted to characterize the steady‑shear and viscoelastic behavior. The 

measurement parameters were applied as shown in Table 2.12. 

TABLE 2: Measurment parameters for rheology12. 

measurement shear rate / s-1 Angular fregency / rad s-1 deformation / % 

Rotational test 1-700 - - 

Amplitude test - 10 0.01-100 

Frequency test - 0.1-628 10 
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To simulate relevant conditions in human and veterinary contexts, measurements were 

conducted at defined temperatures. For human CSF, the setpoints were: 5°C (storage), 35°C 

(hypothermic), 37°C (physiological), and 40°C (elevated body temperature). For equine 

synovial fluid, measurements were performed at 5°C (storage), 20°C (room temperature), 36°C 

(hypothermic), 37°C (physiological), and 39°C (elevated body temperature). 

 

RESULTS AND DISCUSSION 

The roatational test showed a non-Newtonial behavior in the low shear rate range for both the 

human CSF and the artificial CSF, meaning the viscosity is changing with varying shear rate 

(Fig. 1.). The higher the shear rate the more unaffected the viscosity is and resulting in an 

Newtonial behavior.  

 
FIGURE 1: Rotational test comparision of albumin solution, artificial CSF and human CSF ID73. Non-

Newtonian behavior in the low shear rate range, but with increasing shear rate viscosity is getting 
constant. 

In Fig. 2. The rotational test of equine SF shows decreasing viscosity with increasing shear 

rate over the whole measurement range. In contrast to the hyaluron solution which exhibits a 

long Newtonian plateau. 
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FIGURE 2: Rotational test comparison of HA and equine SF. 

 

Prior to the frequency test amplitude tests were performed to define the linear viscoelastic 

region of the samples to ensure reversible deformation. In Fig. 3. and Fig. 4. the amplitude tests 

are shown. For all samples 10% deformation were preset for the frequency test.  

 
FIGURE 3: Amplitude test comparision of albumin solution, artificial CSF and human CSF ID73. 
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FIGURE 4: Amplitude test comparision of hyaluronic acid and equine SF. 

 

In the case of CSF, an albumin solution, the artificial CSF and human CSF (ID73) were 

compared in the frequency test, shown in Fig. 5. Albumin is showing the lowest curves and 

storage modulus (G’) curve is even lower than the loss modulus (G’’) curve different from the 

artificial CSF and the human CSF. This suggests that the albumin solution is more viscose 

dominated compared to the other two. The complex viscosity shows shear thinning behavior as 

the viscosity decreases with increasing angular frequency. Human CSF shows the highest 

viscosity compared to the artificial CSF and the albumin solution.  

 

 

FIGURE 5: Frequency test comparison albumin solution, artifical CSF and human CSF ID73. 

 

  

  ANNUAL TRANSACTIONS OF THE NORDIC RHEOLOGY SOCIETY, VOL.  34, 2026

79 



 

 

The horse SF and the hyaluronic acid solution are much more different compared to the CSF 

system, which can be seen in Fig. 6. For the horse SF and the albumin solution the loss modulus 

curve is higher than the storage modulus curve intending higher viscous amount in the flow 

behavior. The G’ and G’’ curves of the horse SF are much more steep, resulting in an increased 

frequency dependancy. That contrasts with the complex viscosity showing a flatter, 

near‑Newtonian plateau. 

 

 
FIGURE 6: Frequency test comparision HA solution and equine SF. 

 

Comparing the different temperature conditions applied for the frequency test is shown in 

Fig. 7. and Fig. 8. Both figures show the same tendency with inceasing temperature the values 

for storage, loss modulus and complex viscosity are increasing. This is acting against the natural 

trend that would be expacted to be decreasing viscosity with increasing temperature. For 

proteins it is known that at higher temperature thermical induced structural changes can 

appear13. This could be one reason for the unexpected trend. Fig. 8.  shows the frequency test 

of the hyaluron soluction with defined measurement temperatures. The complex viscosity curve 

changes the shape between the low temperature measurements (5°C, 20°C) and the higher 

temperature measurements (35°C, 37°C, 40°C). At low temperatures the complex viscosity 

curve has a Newtonian shape, but with increasing temperature a shear thinning behavior 

appears. 
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FIGURE 7: Frequency test of artificial CSF over defined measurment temperatures. 

 

 
FIGURE 8: Frequency test of hyaluron solution over defined measurement temperatures. 

 

CONCLUSION 

The rheological measurements show that albumin and hyaluronic acid have a big influence on 

the flow behavior of the CSF and SF and potentially provide an effort for a better understanding 

of the rheological behavior of these biological fluids and their response to applied mechanical 

force. Further investigations will focus on the temperature trend and the influence of different 

components of the flow properties to reach the overall goal to evaluate if rheological parameters 

can positively contribute to clinical practice for CSF and SF disorders. 
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Cellulosic Systems 





 

RHEOLOGY OF MECHANO-ENZYMATICALLY FIBRILLATED CELLULOSE IN 
FIBER SUSPENSIONS AND FOAMS 

ABSTRACT 

Cellulosic materials are increasingly explored as renewable building blocks for applications 

such as packaging, insulation, and construction. Conventional production of microfibrillated 

cellulose (MFC) is energy intensive and results in suspensions with strong gel-like behavior 

even at low solids contents.1-3 High-consistency mechano-enzymatic fibrillation of cellulose 

(HC MFC, previously referred as HefCel) has emerged as a lower-energy alternative, enabling 

the production of MFC directly at high solid contents.2, 4  

In this work, the rheological behavior of HC MFC is investigated over a range of 

concentrations in both fiber suspensions and fiber foams. Two grades of HC MFC, coarse and 

fine, are studied to elucidate the effects of fiber content and fibrillation degree on viscoelastic 

and flow properties. Commercial MFC is used as a reference material to benchmark the 

behavior of HC MFC against established systems. 

The results show that HC MFC suspensions and foams exhibit a predominantly elastic 

response at small deformations over the entire range of fiber consistencies studied (2.5-15 wt% 

for suspensions, 2.5-7.5 wt% for foams). Rheological properties depend systematically on fiber 

content and fibrillation degree, reflecting differences in fiber network strength. Compared with 

commercial MFC, HC MFC shows much lower stiffness and therefore improved processability 

at high fiber consistencies. These findings support the potential of HC MFC in the production 

of sustainable, low-density fiber-based materials.  

 

INTRODUCTION 

Cellulosic materials have attracted significant attention as renewable and sustainable building 

blocks for a wide range of applications, including packaging, insulation, and construction. 

Among these, microfibrillated cellulose (MFC) has emerged as a versatile material due to its 

high surface area, tunable network structure, and ability to form strong, lightweight, and porous 

assemblies.5-7 However, conventional routes for producing MFC rely primarily on intensive 

mechanical fibrillation processes, often preceded by limited chemical or enzymatic 

pretreatments. These methods are typically energy demanding and yield dilute suspensions that 

exhibit pronounced gel-like behavior even at low solids contents, which complicates handling, 

transport, and downstream processing.3 
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To address these limitations, alternative production strategies have been developed that 

improve both process efficiency and material functionality. In particular, high-consistency (HC) 

processing has gained interest to enhance fibrillation efficiency while reducing water usage.8 In 

this context, consistency refers to the mass fraction of dry fibers in the system, typically 

expressed as a percentage relative to the total mass of the suspension or foam. At elevated solid 

contents, increased fiber–fiber friction during mechanical treatment promotes structural 

disruption of the fiber walls. When combined with enzymatic treatment, this effect is further 

amplified: the reduced water content enables enzymes to more effectively locate, recognize, and 

adsorb onto cellulose surfaces, thereby enhancing their catalytic activity.8 As a result, high-

consistency mechano-enzymatic pretreatment can facilitate more efficient fiber breakdown 

compared to purely mechanical or enzymatic approaches alone, enabling extensive fibrillation 

that has not been observed in conventional processes. 

A key advantage of HC mechano-enzymatic fibrillation is the ability to produce MFC 

directly at high solids contents, typically in the range of 20–25%.4, 8 This represents a significant 

departure from conventional dilute systems and introduces practical benefits such as reduced 

water handling, improved process economics, and enhanced feasibility for off-site production 

and long-distance transportation. Moreover, the resulting material exhibits a paste-like, non-gel 

character, making it easier to handle, store, and process in industrial applications. The process 

is also adaptable, allowing the production of different grades of HC MFC—such as coarse and 

fine fibrillated fiber materials—by tuning processing conditions and the degree of fibrillation. 

Additionally, the approach is compatible with a wide range of lignocellulosic feedstocks, 

including wood and non-wood pulps, recycled fibers, textile waste, and agricultural residues, 

further supporting its relevance within circular material systems.2, 4, 8 

Beyond production, understanding the rheological behavior of fibrillated cellulose systems 

is essential for their practical utilization, as rheology governs processability, structural stability, 

and end-use performance in applications ranging from coating and forming to foam structuring 

and additive manufacturing.9-11 

While the rheological properties of conventional MFC suspensions have been studied 

extensively, comparatively little is known about the behavior of HC MFC systems, particularly 

at high solids contents and in structured forms such as fiber foams. Fiber foams are of particular 

interest due to their potential to reduce drying energy requirements, as their lower water content 

and high porosity facilitate more energy-efficient processing compared to conventional 

suspension processing.12, 13 

In this context, the present study investigates the rheological behavior of HC MFC across a 

range of concentrations in both fiber suspensions and fiber foams. Two grades of HC MFC — 

coarse and fine — are examined to elucidate the influence of fibrillation degree and fiber content 

on viscoelastic and flow properties. To provide a meaningful benchmark, a commercial MFC 

product is included as a reference material, enabling direct comparison between HC MFC and 

established systems at equivalent solid and air contents. Through this approach, the work aims 

to advance the fundamental understanding of HC MFC rheology and to support its further 

development as a sustainable platform for low-density, fiber-based material applications. 

 

MATERIALS AND METHODS 
High-consistency mechano-enzymatically fibrillated cellulose (HC MFC, previously referred 

to as HefCel) was produced from bleached softwood kraft pulp (BSKP) using a 7 L Winkworth 

sigma mixer (MZ7).4 
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For the production of the standard (coarse) HC MFC grade, the pulp was subjected to 

simultaneous mechanical mixing and enzymatic treatment at a solids content of 25%. An 

enzyme dosage of 4.5 mg per gram of dry pulp was applied. The treatment was carried out at 

pH 5 and temperatures of 50°C and 70°C under gentle mixing for a total duration of 5.5 h. 

To obtain the fine HC MFC grade, the coarse material was further processed by high-

pressure homogenization using a microfluidizer. This treatment was performed at a solids 

content of 10%, and the suspension was passed once through the microfluidizer at a pressure of 

1800 bar. 

The resulting HC MFC materials were used as produced for subsequent suspension 

preparation, foam fabrication, and rheological characterization. 

The as-received consistencies of the materials were 17.5% for the coarse grade and 

approximately 10% for the fine grade. A commercial MFC material was used as a reference.  

Fibre morphology was characterized using a Valmet FS5 fibre image analyzer to quantify 

key parameters such as fibre length, width, and fines content, as shown in Table 1. The 

measurements were conducted according to the standard operating procedure of the instrument 

to ensure reproducibility and comparability between samples.  
 

TABLE 1: Fiber properties of the two high-consistency (HC) MFC types, coarse and fine grade. 

 Coarse grade Fine grade 

Fiber length, mm (Tappi)* 0.205 0.200 
Fiber width, µm 29.58 22.98 

F1(I) 0.00-0.20 mm, %** 94.0 99.4 
Fines, % 99.08 99.95 

*Length-weighted average fiber length, Tappi T271 0.1-7 mm.  
**represents the percentage of fibres, determined by image analysis, with lengths between 0.00 and 
0.20 mm, corresponding to the fines fraction of the sample. 
 

In addition, optical microscopy was employed to qualitatively assess fibre structure and 

degree of fibrillation (Fig. 1). To enhance image contrast and improve the visibility of fibrillar 

features, Congo red dye was applied as a staining agent prior to imaging.4 

 

 
FIGURE 1: Microscope images of the two HC MFC grades, a) standard (coarse) HC MFC and b) 

microfluidized (fine) HC MFC, as well as c) commercial MFC reference at 10x magnifications. 
 

Before the rheological measurements, the MFC suspensions were diluted to the given fiber 

consistency with deionized water and homogenized with different mixing procedures depending 

on the fiber consistency. The suspensions prepared from the two grades of HC MFC, namely a 

coarse standard grade and a fine fluidized grade, were homogenized using either syringe-to-

syringe method or a Silverson mixer and commercially available MFC were homogenized with 

a Netzsch Shearmaster. The mixing vessel had a volume of approximately 600 mL and an inner 

diameter of 67 mm. Mixing was carried out at 800–1000 rpm for 15–20 minutes. 
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Fiber foams were prepared from both grades of HC MFC and from the commercial grade 

MFC. Prior to foaming, the materials were diluted to the desired working consistencies with 

deionised water. The coarse HC MFC suspensions were prepared at three different 

consistencies: 2.5, 5.0 and 7.5%, whereas the fine HC MFC and commercially available MFC 

reference suspensions were adjusted to 2.5%. Carboxymethyl cellulose (CMC; FinnFix 4000G) 

was incorporated at 3.5 m.% (based on dry fiber content). The diluted samples containing the 

CMC were activated using Silverson mixer at 4000 rpm for 5 minutes.  

Sodium dodecyl sulfate (SDS) was added to all samples at a concentration of 0.4 g L⁻¹. For 

the commercially available MFC reference a higher SDS dosage of 0.8 g L⁻¹ was required to 

reach the air content of around 70 ± 5%. Foaming was performed by mechanical mixing 

(Netzsch Shearmaster) using a high shear sawtooth impeller. Duration of mixing was 10-15 

minutes at 2850-4000 rpm with a starting sample volume of 100 ml. The process parameters 

(mixing speed and time) were adjusted depending on the sample grade to obtain a target air 

content of 70 ± 5%. The resulting fiber foams were used directly for subsequent 

characterization. 

It is worth noting that the mixing/homogenization procedure is likely to affect the structure 

and dispersion state of fiber suspensions, as well as the bubble size distribution in fiber foams. 

Therefore, the rheological properties of the investigated samples may vary depending on the 

mixing/homogenization method.    

Rheological measurements were performed using a stress-controlled Discovery HR-2 

rheometer (TA Instruments) with a wide-gap vane-in-cup geometry at 22°C, controlled by a 

Peltier system connected to a Julabo AWC 100 bath. A 3D-printed serrated cup was used to 

minimize wall slip at the wall of the cup.14 The vane had a diameter of 15 mm and the cup 

diameter was 30 mm. This configuration minimizes wall slip and confinement effects15, 

allowing samples with macroscopic fibers to be measured reliably. In the case of fiber foams, 

the vane geometry can be inserted into the sample without compressing it and therefore without 

altering its air content or bubble size distribution. An open-ended syringe was used to carefully 

transfer foam samples from the foaming container to the rheometer cup, ensuring that the foam 

samples were neither compressed nor there were air pockets created inside the sample. 

Frequency sweep measurements for fiber suspension samples were performed at angular 

frequencies ranging from 0.1 to 100 rad/s at a strain amplitude of 0.1 %. In the amplitude sweep 

measurements, the strain amplitude was varied from 0.01 to 1000 % in the case of fiber 

suspension samples and from 0.01 to 100 % in the case of fiber foam samples, while the angular 

frequency was 3 or 10 rad/s. Shear rate sweep measurements were performed for fiber 

suspension samples first at increasing shear rate (from 0.001 to 100 s⁻¹), and then at decreasing 

shear rate (from 100 to 0.001 s⁻¹). Only data measured at decreasing shear rate are reported 

herein. All rheological data were obtained from the TRIOS software (TA Instruments) that 

employs the so-called “Couette analogy” in the calculation of rheological properties when a 

wide-gap vane-in-cup geometry is used, as described in Vadillo et al.16   

 

RESULTS 
MFC fiber suspensions 
Figures 2a and 2b present the results of frequency sweep and amplitude sweep measurements 

for the coarse HC MFC grade. The rheological behavior of HC MFC suspensions exhibit 

pronounced viscoelastic, gel-like characteristics that are strongly dependent on fiber 

consistency. Frequency sweep measurements show that HC MFC suspensions are highly elastic 

(G’ > G’’), while both storage and loss modulus showed little dependence on frequency within 
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the studied range as shown in Fig. 2a. In the amplitude sweep measurements, all suspensions 

show a well-defined linear viscoelastic region (LVER), within which both the storage modulus 

(G′) and loss modulus (G″) remain relatively constant, indicating an intact fibrillar network. The 

limit for the LVER is observed to be around 0.1-0.5 % depending on the fiber consistency, and 

the crossover between G’ and G’’ (commonly known as the flow point) is observed at strain 

amplitudes of ~35-50 %. Above this point, the material behavior becomes predominantly liquid-

like. Both G’ and G’’ decrease monotonously with increasing strain amplitude, demonstrating 

Type I LAOS behavior as classified by Hyun et al.17 

 

 
FIGURE 2: Storage modulus and loss modulus for coarse HC MFC grade a) as a function of angular 

frequency and b) as a function of strain amplitude. The amplitude sweep measurements were 
performed at an angular frequency of 10 rad/s. 

 

Fig. 3a and Fig. 3b present the results of amplitude sweep and shear rate sweep 

measurements for the coarse and fine HC MFC grades, together with the commercial MFC 

reference at 2.5% fiber consistency. At the same fiber consistency, clear differences are 

observed between the samples. The commercial MFC exhibits the highest storage and loss 

moduli, indicating the formation of a comparatively stronger and more rigid fibrillar network at 

the same fiber consistency. In contrast, both HC MFC grades show lower moduli, reflecting a 

less densely connected structure. The fine HC MFC grade consistently shows higher G’ and G’’ 

compared to the coarse grade. 

The shear viscosity results in Fig. 3b show that all suspensions exhibit strong shear-thinning 

behavior, with viscosity decreasing continuously with increasing shear rate. At the same fiber 

consistency (2.5%), both HC MFC grades exhibit significantly lower viscosity than the 

commercial MFC over the studied shear rate range. For example, at a shear rate of 10 s⁻¹, the 

viscosity of the commercial MFC is about one order of magnitude higher than that of the fine 

HC MFC grade and about two orders of magnitude higher than that of the coarse HC MFC 

grade. Overall, the results demonstrate that HC MFC produced by mechano-enzymatic 

fibrillation provides reduced flow resistance over the commercial MFC produced entirely by 

mechanical fibrillation, enabling easier handling and more efficient processing. 
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FIGURE 3: a) Storage and loss modulus as a function of strain amplitude for the coarse HC MFC, fine 
HC MFC, and commercial MFC suspensions. The amplitude sweep measurements were performed at 

an angular frequency of 3 rad/s. b) Viscosity as a function of shear rate for the three different MFC 
suspensions. 

 

MFC fiber foams 
Following the rheological characterization of HC MFC fiber suspensions, the analysis was 

extended to fiber foams prepared from the same HC MFC materials. For the fiber foams, CMC 

was added to improve dispersion and foam stability while reducing granule formation during 

mixing.  

It is important to note that the rheological behavior of fiber foams can differ significantly 

from that of suspensions. Compared to suspensions, fiber foams contain less free water, which 

restricts fiber mobility and promotes inter-fiber contacts within the network. Furthermore, the 

presence of air bubbles alters the network structure and connectivity, effectively increasing the 

solid volume fraction and influencing the rheological response of the system.13, 18, 19 These 

structural differences are expected to influence the viscoelastic and flow behavior of the 

materials. 

Fiber foams represent a multiparameter system, in which not only the fiber properties but 

also the air content plays a critical role. It is well established that even small variations in air 

content can significantly influence rheological properties, and therefore careful control and 

reporting of air content is essential when comparing different samples.20 

To the best of the authors’ knowledge, this study presents the first investigation of high-

consistency mechano-enzymatically fibrillated cellulose HC MFC fiber foams and their 

rheological behavior. 

The corresponding air contents of the coarse HC MFC foams were 72.9% at 2.5% 

consistency, 73.1% at 5.0% consistency, and 64.1% at 7.5% consistency. 

In Fig. 4, the amplitude sweep measurements revealed that the studied systems exhibit a 

predominantly elastic response at small deformations, as indicated by the storage modulus (G′) 

values exceeding the loss modulus (G″) for all consistencies. With increasing strain amplitude, 

a transition from solid-like to liquid-like behavior was observed, marked by G″ surpassing G′ 

at larger deformations. Similarly to the HC MFC suspensions, Type I LAOS behavior is 

observed at the lowest fiber consistency of 2.5%. However, at higher fiber consistencies of 5.0% 

and 7.5% Type III LAOS behavior is observed, as the G’’ curve shows strain overshoot. At 

increasing fiber consistency, the fiber network within the foam becomes increasingly dense and 

hence the number of fiber-fiber contacts increases. These frictional contacts cause an increase 
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in G’’ values when the fibers start to slide against each other at increasing strain amplitude.21 

Both G′ and G″ increased systematically with increasing consistency, reflecting the formation 

of stronger and more interconnected fiber networks at higher solids contents. In addition, the 

flow point, defined by the crossover of G′ and G″, shifted to higher strain amplitudes with 

increasing consistency. This indicates that larger deformations are required to induce flow – i.e. 

predominantly liquid-like behavior – in more concentrated systems.  

 

  

FIGURE 4: Storage and loss modulus as a function of strain amplitude of the coarse grade HC MFC 

fiber foams at consistencies ranging from 2.5%, 5.0% to 7.5% and air contents of 72.9%, 73.1% and 

64.1%, respectively. 

Having established the influence of consistency on the rheological behavior of coarse HC 

MFC fiber foams (Fig. 4), the effect of fibrillation degree was further investigated by comparing 

coarse and fine HC MFC grades, as shown in Fig. 5. In addition, the rheological properties were 

benchmarked against a commercially available MFC reference. The measured air contents were 

72.9% for the coarse HC MFC foam, 71.3% for the fine HC MFC foam, and 70.5% for the 

commercialMFC foam at 2.5% consistency. 
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FIGURE 5: Storage and loss modulus as a function of strain amplitude of the coarse and fine grade 

HC MFC fiber foams, as well as the commercially available MFC reference at consistencies of 2.5% 

with resulting air contents of 72.9%, 71.3% and 70.5%, respectively. 

As shown in Fig. 5, the fine HC MFC grade exhibited higher storage (G′) and loss (G″) 

moduli compared to the coarse HC MFC grade, indicating a stronger and more interconnected 

network structure. Furthermore, the flow point (G′ = G″) occurred at higher strain amplitudes 

for the fine grade, demonstrating that larger deformations are required to disrupt the internal 

structure and induce flow. 

In comparison to the commercial MFC reference, HC MFC fiber foams showed lower G′ 

and G″ values at comparable consistencies, indicating a less stiff network. This demonstrates 

that mechano-enzymatically fibrillated MFC can be used to produce fiber foams with improved 

handleability and processability. All fiber foams displayed pronounced shear-thinning behavior.  

 

CONCLUSIONS 
This study provides the first systematic investigation of the rheological behavior of high-

consistency mechano-enzymatically fibrillated cellulose HC MFC fiber foams (previously 

referred to as HefCel). The results demonstrate that both HC MFC suspensions and foams 

exhibit characteristic viscoelastic behavior, with a predominantly elastic response at small 

deformations and a transition to liquid-like behavior at large strain amplitudes. 

The rheological properties of HC MFC suspensions and foams were strongly influenced by 

fiber consistency, with increasing fiber consistency leading to higher storage (G′) and loss (G″) 

moduli. In HC MFC foams, the flow point was shifted to higher strain amplitudes as the fiber 

concistency increased. This indicates that with increasing fiber consistency a stronger and more 

interconnected fiber networks forms in HC MFC foams, requiring larger deformations to induce 

flow. In addition, variations in air content were found to influence the foam structure and 

therefore the fiber network and should be carefully considered when interpreting rheological 

data. 
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The degree of fibrillation further affected the rheological response. The fine HC MFC grade 

exhibited higher moduli and greater resistance to structural breakdown compared to the coarse 

grade, reflecting a more developed fibrillar network. When compared to a commercial MFC 

reference, HC MFC suspensions and foams showed lower stiffness at comparable consistency, 

although similar qualitative rheological behavior was observed. 

Overall, the results highlight that both fiber properties and foam characteristics, such as air 

content, govern the rheological behavior of HC MFC foams. These findings contribute to the 

understanding of structure–property relationships in fiber-based foams and indicate improved 

processability of HC MFC suspensions and foams at high consistencies. Furthermore, the results 

of this study support the potential of HC MFC as a promising material platform for applications 

requiring lightweight and porous structures. 
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ABSTRACT 

Many soft and complex materials exhibit rheological behaviour that evolve spatially in 

response to changes in their chemical environment, particularly at interfaces. Examples include 

biopolymer coatings, food products during digestion and personal care products.   However, 

conventional rheological techniques typically operate under static conditions, limiting their 

ability to capture these coupled time and spatial effects. This presents a significant challenge 

for understanding processes such as gelation, transport-driven structuring, and interfacial 

material evolution. Here, we present rheodialysis as an experimental platform that enables in 

situ rheological measurements under dynamically controlled chemical conditions. The approach 

integrates a modified rheometer geometry with a membrane-separated flow system, allowing 

reagents to be introduced non-invasively via diffusion while continuously monitoring 

rheological properties. This configuration provides precise control over the local chemical 

environment without disrupting the sample structure. Using alginate hydrogels as a model 

systems undergoing chemically induced transformations, we demonstrate how rheodialysis can 

resolve both time-dependent rheological evolution. This work highlights the potential of 

rheodialysis as a versatile tool for studying soft matter in non-equilibrium conditions. The 

approach is broadly applicable to systems where external stimuli drive changes in structure and 

mechanics, offering new opportunities to investigate and optimise processes relevant to 

formulations, biological systems, and advanced materials. 

Introduction 

Hydrogels are three dimensional water-swollen networks that are corslsinked through either 

physical or chemical interactions.  The physical properties of hydrogels have long been studied 

by rheologists and their industrial applications are myriad and growing, from simple 

applications such as structurants for food and personal applications, to advanced materials 

applications in tissue engineering, drug delivery, regenerative medicine and biosensing.1  When 

manufacturing and using these materials, rheological changes commonly take place at 

boundaries and interfaces.  For example, edible coatings such as meat casings are formed at air-

water interfaces during co-extrusion, hydrogel bandages undergo changes in viscoelasticity 

when exposed to the surface of a wound, and anti-perspirant products undergo gelation-like 

behaviour when exposed to sweat from the human skin.  Clearly, when gelation occurs in these 

conditions, the rheology of the interface and the rheology of the bulk material are interrelated. 

Both are sensitive to local changes in chemistry and these changes take place over different 

timescales that are defined by diffusion and chemical exchange at the surface of the material.   

This is a physically complex process and its industrial importance, there is a notable lack of 
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rheological techniques that can probe changes in viscoelasticity under changing chemical 

stimuli.  

Recent rheological research has benefited from a number of novel custom-made platforms 

which have attempted to bridge this gap in instrumentation. In one study, chemical exchange 

was induced through a dialysis membrane soaked in an ionic solution that adhered to the lower 

plate of a parallel plate rheometer, enabling the gelation of the sample to be rheologically probed 

due to its direct external contact with membrane.2 While effective at inducing and probing 

gelation, this approach did not allow for control of chemical release.  In another study, this 

simple membrane was replaced by a hollow cell separated from the sample by a stainless steel 

mesh, with the chamber volume being continuously replenished using peristaltic pump.3  This 

enabled the authors to carry out real time measurements of both gel formation and gel 

disassembly while the chemical environment was exchanged.  More recently, a similar design 

was reported that involved injecting a crosslinking reagent into a chamber through a two holes 

on the lower plate using a manual syringe.4 This enabled the process of gelation to be monitored 

from the onset of exposure to a crosslinking reagent.  Further work by the same authors refined 

this design by adjusted number and arrangement of these holes to ensure more homogeneous 

chemical exposure to the sample. As expected, this also appeared to  control the mass transfer 

of ions into the sample, with a larger number of holes leading to faster gelation.5 In the same 

study it was reported that gelation process was sensitive to the oscillatory rheology protocol 

used, which was speculated to arise from induced mixing between the flow chamber and sample. 

While each of these published designs has it’s own individual advantages, they also each have 

certain drawbacks.  There is therefore a lack of a unified platform to enable in-situ chemical 

exchange for rheometers.  In this work, we draw inspiration from these studies to present a new 

rheology accessory which we term Rheodialysis. Rheodialysis combines what we consider the 

best features of each of these previously reported approaches, while also incorporating a number 

of new design features. 

Design and Implementation 

The design of the Rheodialysis approach are defined by the following goals: 

1. In-situ control of chemical environment though automated injection 

2. Mechanical isolation of the sample from this chemical environment to minimise 

external pressure gradients 

3. Control of injection rate and contact area to enable mass transfer into the sample to 

be adjusted. 

The design of our device is shown in Fig. 1(a), (b). We use a 20 mm parallel plate configuration 

with the flow cell taking the place of the lower plate, which is mounted on a Netzsch Kinexus 

Pro stress-controlled rheometer. The Rheodialysis device comprises a conical flow chamber 

with a flow inlet at it’s base and a flow outlet at it’s side. Two rigid plates with 0.16 mm holes 

are screwed in place on top of the chamber, with a 0.22 μm cellulose membrane between them.  

This combined assembly essentially replaces the lower plate of the rheometer.  Therefore our 

three goals are addressed through (1) the use of the conical chamber ensures in-situ control, (2) 

the separation of the chamber using a semi-permeable membrane, and (3) the use of a syringe 

pump with controllable rate to enable control of the injection rate.  

Our method is  important that the device does not induce undesirable pressure to the sample 

between the during chemical exchange.  To investigate this, we carried out a simple 

computational fluid dynamic simulation. Fig. 1 (c) shows the modelling of the fluid velocity 

profiles at an injection speed of  0.1 ml/min with the colour . The result shows that the design 

enables the inlet to expose the sample to a new chemical environment from below and minimises 
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the pressure gradient on the sample since the flow is directed parallel to the plate and flow rate 

(colour bar in Fig. 1 (c)) and is lowest at the top of the chamber, directly below the membrane.   

Results 

We test our device using sodium alginate, a well-studied model gel-forming biopolymer. 

Alginate is a marine-derived polysaccharide that is widely used in the food,6 packaging,7 and 

biomedical industries.8  Its crosslinking mechanism arises from its molecular heterogeneity, as 

it has a block copolymer structure comprising mannuronic acid groups, known as M-blocks, 

and guluronic acid groups, known as G-blocks as depicted in Fig. 1 (d). When exposed to 

divalent cations such as calcium, these ions bind to backbone of the negatively charged G-

blocks, leading to ionic crosslinking between chains and the formation of a water-swollen 

hydrogel network.  

 

 
FIGURE 1: The rheodialysis approach comprises a custom-built flow cell that replaces the lower plate 

of a paralell plate rheometer (a). The flow cell’s is separated from the sample through a 
semipermeable membrane.  It’s shape is conical with an inlet at the base, and two outlets a larger 

positions (b). A syringe pump exchanges the sample environment during rheological testing and the 
geometry ensures that maximum flow rates (c) are reached far from the membrane surface, ensuring 

minimal pressure gradients on the samples. As a proof-of-concept, we monitor the gelation of alginate, 
when exposed to calcium ions. The alginate biopolymer backbone consists of two groups: mannuronic 

acid and guluronic acid. Binding of calcium to the guluronic acid (inset) leads to the formation of a 
hydrogel network (d) We probe this dynamically by delivering calcium ions to an alginate soluton, 

through the flow cell.  

 

As a proof-of-concept test, we probed an aqueous sodium alginate sample using the 

rheodialysis approach, exposing it calcum ions in-situ to induce gelation (Fig. 1 (e)).  An 

alginate solution of concentration 5.4 % (w/v) was prepared with Sodium Alginate Protanal 

8133 (Dupont, M/G ratio of 65/35, molecular weight 90-180 kDa) and Milli-Q water. The 

mixture was heated to 80°C and stirred for 30 minutes at 150 rpm to enable complete dissolution 

and was then cooled to room temperature. The sample was loaded on to the rheodialysis cell 

and a solution of 0.1 M Calcium Chloride (CaCl2, Thermo Scientific) was injected into the 

chamber using a syringe pump constructed specially for this work. We explored three separate 
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injection rates: 0.05 ml/min, 0.1 ml/min,  and 0.2 ml/min. The inlet piping was initially purged 

with the calcium solution carefully, ensuring that the chamber did not fully fill as this would 

induce gelation.  Once complete, the rheometer inertia and torque was calibrated, using a 20 

mm parallel plate and the alginate solution was loaded between the plates at a gap separation of 

0.5 mm. A 5 rads.s-1 pre-shear protocol was then applied to ensure the sample was evenly spread 

between the plates and injection was initiated.   

To monitor the gelation process we carried out a repeated oscillatory measurements across 

four frequencies 0.2 Hz, 0.4 Hz, 0.8 Hz and 1.6 Hz. This protocol allows observation of the 

phase angle (δ), elastic modulus (G’) and viscous modulus (G”) values during the gelation 

process. It is common to identify the gel point by the point at which G’ exceeds G’’, however 

this a crude measure since it invariably depends on the measurement frequency.  The true gel 

point is generally defined through the Winter-Chambon criterion,9 which posits that G’ and G’’ 

both scale with the same power-law relationship in frequency ω.  This allows the gel formation 

time tg to be accurately quantified through the frequency independence of  δ, since, by definition, 

tanδ = G’’/G’. 

 

 
FIGURE 2: Oscillatory shear moduli of alginate samples, resolved over measurement time during in-
situ exposure to calcium ions at three different injection speeds: 0.05 ml/min, (a) 0.1 ml/min, (b) and 
0.2 ml/min  (c).  Crossover between storage modulus (solid lines) and loss modulus (dashed lines) is 

frequency dependent and indicates the approximate onset of gelation.  Precise gel points are 
determined through use of the Winter-Chambon criterion, as the point at which the phase angle is 
frequency dependent, shown as vertical solid lines (d)-(f). Increasing the injection speed, results in 

gelation at earlier timescales. 

    

The resulting time-resolved multi-frequency data is shown in Fig 2 (a), (b) and (c) for each 

of the three injection rates, respectively. As expected, gelation can clearly be seen to have 

occurred through the steady increase of G’ and G’’ over all frequencies.  The final values of 

both metrics show dominance of G’, indicating the presence of a soft viscoelastic solid.  We 

interpolate the time-dependent values of δ  and define the gel point as as the time of the 

minimum variance between values of δ collected at the four frequencies.   The values of tg with 

respect to time at different frequencies are shown in Fig 2. (a), (b) and (c) for each of the three 

injection rates, respectively in which the error bars denote the standard deviation from three 

independent experiments.  The measured values of  tg are denoted as vertical bold lines in these 

plots and are also summarised in Table 1.  

As shown in Table 1, the time taken to gelation is inversely proportional to the injection 

rate of calcium ions. We postulate that this time dependence arises from two key metrics: (1) tm 

the rate of mass transfer of calcium ions across the membrane, which is defined by the 

concentration of calcium ions in the solution and the injection rate and (2) the binding rate of 
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calcium which arises from its association constant Ka and is defined by the alginate molecular 

structure and charge.  Alginate biopolymers differ between sources but are generally known to 

have a particularly high value of Ka (of order 4 × 10³ M⁻¹ 10) which results in fast association of 

alginate polymers to calcium as they are transported across the membrane during the 

experiment.  The high value of Ka also means that calcium-alginate binding is long lived, which 

would necessitate the gradual depletion of calcium within the flow cell if there was no flow 

present.   The presence of an injection rate directly determines tm  and acts to replenish these 

calcium ions in the reservoir.  We therefore speculate that the observed sensitivity of the gelation 

time tg on injection rate in Table 1. This sensitivity suggests that the mass transfer rate and the 

binding rate in our experiment must be of similar orders of magnitude.  

 
TABLE 1: Calculated values of the gel point using the Winter-Chambon criteron, tg at three different 

injection rates.  Error bars are standard deviation results from three independent experiments.  

Injection Rate (ml/min) Tg (s) 

0.05 1166 ± 80 

0.10 972 ± 155 

0.20 613 ± 9 

 

Having established that the gelation kinetics can be tuned by injecton rate, we now consider 

how these kinetics influence hydrogel structure. Fig. 3 (a)-(c) show the frequency spectra, at a 

strain amplitude γ = 0.004, which are collected once G’ and G’’ reach a steady state value. To 

understand the nonlinear rheology of these hydrogels, we also carry out oscillatory amplitude 

sweeps by logarthimically increasing γ from 0.001 to 1 at a frequency of ω = 5 s-1, shown in 

Fig. 3 (d)-(f).  

 

 
FIGURE 3: Final oscillatory frequency spectra (top) and amplitude sweep data (bottom) for alginate 

hydrogels formed using the rheodialysis approach. Data is shown for the three different injection 
speeds: 0.05 ml/min, ((a),(d)) 0.1 ml/min, ((b),(e)) and 0.2 ml/min ((c),(f)). Shaded regions in the lower 

panels indicate the linear viscoelastic regimes, where the apparent G’ and G’’ are strictly defined.  
Faster injection speeds are shown to result in higher values of G’ and G’’, with more extended linear 

viscoelastic regimes.  
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All three hydrogels show frequency spectra that are approximately level across the frequency 

range measured, which is a definitive characteristic of crosslinked hydrogels.  Furthermore, the 

fastest injection rates appear to lead to hydrogels with significantly higher elastic moduli.  The 

value of G’~ 300 Pa at 0.05 ml/min, while at 0.2 ml/min G’~ 1300 Pa.  Similarly the amplitude 

sweep data show that, as the injection speed is increased, the hydrogels exhibit a more extended 

linear viscoelastic regime.  Within the nonlinear viscoelastic regime, the yielding process of the 

hydrogels (intepreted as a decrease in the apparent values of G’ and G’’) has a distinctly 

different character. At the lowest injection speeds, (Fig. 3 (d)) there is a gradual decrease in G’ 

and gradual overshoot in G’’.  At the highest injection speeds, the opposite is observed: G’ 

decreases sharply and G’’ similarly overshoots abruptly at the onset of nonlinearity. While 

deeper analysis of this data is beyond the scope of this work, the observed trent in Fig. 3 (d)-(f) 

is characteristic of a transition between ductile yielding and brittle yielding, suggesting that the 

different gelation kinetics between the three samples result in hydrogels with distinctly different 

structures.  

Conclusions 

In summary, we have developed a simple experimental approach that enables the in-situ 

control of chemical environment during rheological testing for any viscoelastic material.  

Although our device stands on the shoulders of other devices reported previously, we have also 

introduced a number of novel innovations that we believe will broaden the applicability of this 

approach to other applications.  Firstly, the use of a conical flow cell moves the point of injection 

into the flow cell from the sample surface and thereby minimises the possibility of any pressure 

graidents.  Secondly, by separating the flow chamber from the sample through a semi-permeable 

membrane, we mechanically isolate the process of chemical exchange from the sample which 

also minimises the potential of pressure from injection from disrupting the sample. Finally, our 

Rheodialysis approach allows reaction kinetics to be controlled by adjusting the flow rate. Using 

alginate that is crosslinked in-situ by calcium chloride as model system, we have shown that the 

gelation time tg, defined precisely through the Winter-Chambon criterion can be controlled 

through adjusting the injection rate. We rationalise this by considering the interplay between 

the injection rate and binding rate of calcium and postulate that the sensitivity of gelation 

kinetics to the former suggests that the two rates must be of similar order of magnitude.   

Intrigingly, the resulting hydrogels appear to have distinctly different rheological properties, 

both in the linear regime and in the nonlinear regime. This has clear implications for any 

industrial or biological application in which hydrogel crosslinking occurs at an interfaces, which 

includes wound healing, coatings, blood clotting and food products.   

There are number of considerations regarding the Rheodialysis approach that remain 

inexplored in this work. More detailed complex fluid dynamics analysis of the binding of 

alginate and calcium with the hydrogel will allow us to better understand the structural changes 

that take place during gelation.  Similarly, it is likely that the results presented in this work will 

be sensitive to the gap separation of the plates since our flow cell is incorporated into the lower 

plate. Finally, more detailed analysis of the nonlinear rheological response will enable us to 

better appreciate the structural changes  

Our view is that there a wide diversity of potential applications for the Rheodialysis 

approach.  Our approach could, for example be used to inform end-use industrial processes that 

involve rheological changes under shear, for example the topical application of creams and 

lotions, digestion of food products and rapidly dilution of detergents and cosmetics.  Each of 

these applications have a co-dependence between shear and chemical exchange, which remain 

relatively unexplored and could be addressed using the approaches and principles set out here.  
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ABSTRACT

Recent studies have proposed pre-shear protocols that aim to negate directional bias and
improve repeatability using a reset step: a short duration rotation in the opposite direction
of the final step in the pre-shear. This should leave the sample in a directionally unbiased
state, with little or no residual stress. Using a highly thixotropic fluid, we have tested four
different pre-shear protocols: one-directional rotation, rotation with reset as suggested by
Choi and Rogers (2020)1, large-amplitude oscillations with reset proposed by Donley et
al. (2026)2 and a synthesis of the two latter. For the present material, a low-concentration
aqueous solution of Laponite®-RD, our results do not indicate that either one of these
protocols is better suited than the others, nor, in fact, that they perform better than
using no pre-shear protocol at all.

INTRODUCTION

In rheology, a wide variety of pre-shear protocols are employed with the purpose of eras-
ing the shear history of the sample and ensure repeatability of the measurements. Tra-
ditionally, one-directional rotational shear has been used, but several studies have raised
concerns that this may leave the material in a directionally biased state due to resid-
ual stress3–5. Some studies have replaced rotation with large-amplitude oscillatory shear
(LAOS) in an effort to reduce structural anisotropy6–9, though, in their recent study1,
Choi and Rogers point out that even this approach does not guarantee the removal of
recoverable strain. Instead, they suggested a new rotational pre-shear protocol with an
additional step: a short duration rotation in the opposite direction of the final step in the
pre-shear. The strain imposed by this step should be equal to the recoverable strain in
order to erase the shear history imposed by the pre-shear itself. A very recent study has
proposed a variation on this protocol using LAOS instead of rotational pre-shear2.

In the present study we investigate the effect these new pre-shear protocols, called
’reset’ protocols henceforth, have on rheological measurements of a thixotropic yield-
stress material, and compare the results with conventional rotational pre-shear. Our aim
is practical, and we focus on the effect of pre-shear on typical measurements, namely flow
curves and steady state shear tests.
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EXPERIMENTAL METHODS

Fluid preparation

The model fluid was an aqueous solution of Laponite®-RD (LAP-RD) of concentration
1.5 wt%, in tap water. LAP-RD is a synthetic magnesium silicate clay, made of disk-
shaped particles with an approximate length of ∼ 30 nm, and a height of ∼ 1 nm. For
ionic strengths above 10−3 M, and concentrations below ∼ 4 wt%, aqueous solutions of
LAP-RD form a gel structure when left idle10.

LAP-RD powder provided by BYK was used in this study. The solution was mixed for
20 minutes using a three-bladed ducted propeller. A 1 wt% solution of NaCl was added
subsequently, to a concentration of 0.035M. A batch of 1000 g was made and stored in
separate containers of size 50 ml. Samples used in the present study were left idle at room
temperature for 5 - 8 weeks before measurements.

Measurement methodology

The tests were carried out using an Anton Paar MCR-702e rheometer, with a parallel
plate configuration. The plate diameter was 50 mm, with a gap of 1 mm. The top plate
was serrated, in order to avoid wall slip. All tests were carried out at a temperature of 20
°C.

The tested pre-shear protocols are outlined in the following:

i) Conventional: Rotational shear followed by structural recovery

ii) Rotation - reset: Rotational shear directly followed by a reset step, and structural
recovery, as proposed by Choi and Rogers1

iii) LAOS - relax - reset: LAOS followed by a relaxation interval, a subsequent reset
step, and a final relaxation interval, as proposed by Donely et. al.2,

iv) LAOS-reset: LAOS directly followed by a reset step and structural recovery

The last protocol is suggested by the present authors, to bridge the gap between
protocols ii) and iii). The relaxation interval between pre-shear and the reset step was an
addition suggested by Donley et al.2. Choi and Rogers1, however, stress the importance
of running the reset step directly after pre-shear, in order to avoid structural recovery in
a biased state. For this reason, we run tests for both cases: LAOS with direct reset and
LAOS with a relaxation interval before the reset step. In the LAOS-relax-reset protocol,
the final relaxation occurs under small-amplitude oscillations (SAOS), whereas for the
remaining protocols structural recovery occurs at τ = 0.

Prior to starting the measurement campaign, pretests were carried out in order to
determine the linear viscoelastic range, and structural recovery time scales. Amplitude
sweep and SAOS recovery results are shown in figure 1. From figure 1a, we see that γ = 1
% is within the linear viscoelastic range, whereas γ = 10 % is clearly in the non-linear
region, though far away from the flow point (.i.e. the cross-over between the storage
modulus G′ and the loss modulus G′′ ). Thus, these values are suitable for SAOS and
LAOS, respectively.

The recovery test was carried out at s strain amplitude of γ = 1 % and a frequency of
ω = 10 rad/s. LAP-RD is highly shear-thinning at low concentrations, and exhibits long
structural recovery times after shear, seen in figure 1b. Initially, recovery occurs over a
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short time scale, then the growth rate of G′ decreases. From practical considerations, the
duration of the recovery interval was set to 30 minutes, i.e. 1800 s. This is long enough
to be well outside the short recovery time scale, although a slow increase of G′ continues
beyond this point.

(a) Amplitude sweep. (b) Structural recovery.

FIGURE 1: Pretests to determine linear viscoelastic range and structural recovery time scale.

The recoverable strain, γrec, for the rotation-reset protocol was determined by creep
tests. This entails that a constant shear stress is applied for a given duration, then the
stress is set to zero, while the subsequent development of the strain is monitored. The
steady-state value of the strain is taken as γrec. The rotational part of the rotation-reset
protocol applies a shear rate of γ̇ = 200 s−1 for 200 s, equal to the conventional protocol,
which gives a steady-state stress of τ ≈ 6.2 Pa. This value was used as the applied stress
in the creep test, and the duration of the applied stress interval was the same as the
rotational part of the protocol.

Finding the right values for γrec was something of a challenge, because the creep tests
themselves were not very repeatable, with significant spread for samples taken from the
same container during the same day. A representative collection of creep tests is shown
in figure 2. Ironically, perhaps, tests may have been more repeatable with a pre-shear
protocol in place, but as the object of this study is to consider such protocols, it was not
deemed suitable to use one. In lieu of pre-shear, samples were sheared by deploying them
slowly (meaning for approximately 15 s) to the bottom plate with a syringe. This ensured
an equal sample volume (3 ml) for every repetition, if not completely equal deployment
shear rate. After being placed, the sample rested for 60 minutes before the creep test
started.

The rheometer used in this study can be run as both stress-controlled and strain-
controlled. In order to be consistent with the method of Donley et al.2, whose rheometer
was strain-controlled, an oscillating strain is used for the LAOS protocols. This entails
that γrec must be estimated from the residual stress, or determined by trial and error,
that is, finding a shear rate interval that gives zero, or near-zero, residual stress after
pre-shear. We have attempted to estimate the γrec using

γrec = cg
τres
G′

l

(G′
l +G′′

l )

G′
l

, (1)
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FIGURE 2: Creep tests at different sample idle times.

γ̇1 γ1 ω1 t1 t2 γ̇3 t3 γ4 ω4 t4
1/s % rad/s s s 1/s s % rad/s s

Conventional 200 200 1800
Rotation-reset 200 200 -12 0.1 1800
LAOS-relax-reset 10 1 64 60 -0.0075 0.01 −7.5× 10−5 10 60
LAOS-reset 10 1 64 -0.4 0.1 1800

Table 1: Pre-shear protocol variables

where τres is the residual stress, cg is a geometry dependent correction factor, and G′
l

and G′′
l are the storage and loss moduli within the linear viscoelastic range2. For parallel

plates, cg = π/
√
2 ≈ 2.22.

In practice, the residual stresses in the material are very low, and there is a slight
variation for each realization. This makes it difficult to find an accurate value of γrec
either by estimation or trial and error. If τres is taken as the value directly after the
LAOS interval, this typically gives γrec ≈ 0.04, whereas the value when a 60 s relaxation
interval is allowed, is γrec ≈ 7.5× 10−5.

The pre-shear variables as summarized in Table 1. Here, subscript 1, 2 and 3 refer to
the initial shear interval, the relaxation interval, and the reset step, respectively. 4 refers
to the structural recover or final relaxation interval. t denotes interval duration.

Because LAP-RD undergoes physical aging due to dissociation of sodium ions11, timing
of the test schedule is important. For results to be comparable, the tests cannot be very far
apart in time, otherwise the storage modulus of the material will have increased beyond
repeatability. Therefore, all steady shear rate tests were carried out within 24 hours for
each rotational protocol. Likewise, three repetitions of the flow curve were carried out
within 24 hours, per pre-shear type. Despite our sincere efforts, tests cannot be carried out
simultaneously. This means a certain degree of physical aging will have occurred between
testing one pre-shear protocol and the next. Therefore, the results are not compared
directly. Rather, the degree of directional bias and repeatability obtained with each
protocol is evaluated. The rotational protocol measurements were carried out first, after
an idle time of approximately 5 weeks, while the LAOS-reset and LAOS-relax-reset were
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carried out after 7 and 8 weeks of idle time, respectively.
Each test series was carried out with material from the same container, in case small

differences in structure arise during idle time. However, the pretests will in some instances
have been carried out with material from a different container than the final measure-
ments, which gives rise to some uncertainty.

Finally, each test was carried out with a new sample, in order to avoid drying effects,
given the long duration of the structural recovery interval.

RESULTS AND DISCUSSION

Constant shear rate tests

A set of constant shear rate tests were carried out for the rotational pre-shear protocols,
in order to check for signs of directional bias in the steady-state values. Three shear
rates were tested for both directions, and the results are shown in Figure 3. Agreement
between positive and negative directions is generally quite good. For the two lowest shear
rates, agreement is best for the conventional protocol, whereas a larger discrepancy is
seen for this protocol at a higher shear rate. As such, it is difficult to conclude whether or
not these differences are caused by directional bias. In the study of Choir and Rogers1,
directional bias tended to be smoothed out for steady-state conditions, and was primarily
visible in the initial transient phase of the measurement.

(a) Conventional (b) Rotation-reset

FIGURE 3: Constant shear rate tests for the rotational protocols. Dashed lines represent
negative rotational direction during measurement.

Shear rate ramps

Figure 4 shows flow curves generated from logarithmic shear rate ramps. The shear rate
was increased stepwise from 0.01 s−1 to 200 s−1, and the time per step was decreased from
200 s to 2 s. The curves shown are averaged over three consecutive measurements, and
the error bars represent the standard deviation (STD) at each point. In addition to the
pre-shear tests, a series with no pre-shear was taken for comparison.

From Figure 4d, we see that for low to intermediate shear rates, LAOS-reset outper-
forms the other protocols, though the standard deviation increases significantly in the
region beyond γ̇ ≈ 5 s−1.
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(a) Conventional (b) Rotation-reset

(c) LAOS-relax-reset (d) LAOS-reset

(e) No pre-shear

FIGURE 4: Shear rate ramps

The rotation-reset and LAOS-relax-reset protocols exhibit relatively high STD over
a large portion of the measurement range, though not necessarily for the same values.
Some of this error likely comes from the difficulty of obtaining consistent parameters for
recoverable strain. It is quite conceivable that an erroneous value in the reset step may
impart additional shear history instead of erasing it, which makes matters worse where
repeatability is concerned. When considering the data from each run separately (not
shown), we see that residual stress is normally not completely removed by the pre-shear,
though the values are typically in the order of 10−3 Pa. This means that the material will
recover with growing stresses that may influence the measurement. This observation is
underlined by the fact that the tests without pre-shear have very good repeatability, in
particular in the low shear rate range.
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Notably, save the LAOS-relax-reset protocol, low shear rates have the best repeata-
bility in most cases, whereas higher STD values are found for intermediate to high shear
rates. This is likely related to the initial process of breaking the microstructure of the
material before steady-state conditions are achieved. Several studies have reported shear
banding across the measurement gap for various geometries12–14

Martin & Hu14 found that increasing the shear rate may lead to a lower transient stress;
the microstructure breaks down faster at higher shear rate, so that the stress overshoot
decreases faster than for a low shear rate. It was also pointed out that the stress at γ̇ = 10
s−1 took "tens of seconds" to plateau. While the concentration of LAP-RD in that study
was 3 wt %, double that of the present study, the results are still comparable. Increasing
the solid content of the solution within the gel phase does not alter the overall material
structure, though the elastic properties are strengthened.

In Figure 4, all curves display a bump in the vicinity of γ̇ ∼ 5 − 10, though the
maximum of this bump is not exactly in the same place. Considering the constant shear
rate curves in Figure 3, we see that the two lowest shear rates need a longer time to reach
steady state conditions. This means that if the measurement time per point is somewhat
too low, the reported stress may be higher than the would-be steady state value.

The flow in the gap is a constant competition between structural breakdown and
rebuilding14, and the initial microstructure at the start of a measurement point on the
flow curve is in reality a compilation of the shear history from all prior treatment of the
material. Shear-banding is very sensitive to the initial microstructure, so variations in the
same due to slight variations in the post pre-shear conditions may very well cause a rise
in STD. There are noticeable differences between the pre-shear protocols in the shape of
the flow curve as well as in the location of STD maxima and minima, which underscores
this point.

It should be added here that Donely et al.2 explicitly suggest their method may not
be suitable for aging or very time-dependent materials. Their purpose was to develop a
path-independent method, where a set of measurements may be taken on the same sample
in any given order, always preceded by pre-shear. We are not able to test this notion,
for the sheer time required to run a single measurement step with pre-shear and recovery
(and the inevitable drying that would follow). That being said, it seems as though LAOS
may be more suitable for this material than rotational pre-shear, albeit with a properly
tailored reset step directly after the initial shear.

CONCLUDING REMARKS

In this study, we have evaluated the effect of pre-shear on rheological measurements of
a distinctly thixotropic fluid, a low-concentration aqueous solution of Laponite-RD. Four
pre-shear protocols were tested, where one was conventional rotational shear, while the
others incorporated a so-called reset step, i.e. short-duration shear in the opposite direc-
tion, with the purpose of negating the history of the pre-shear itself. Two of the protocols
hail from previous studies by Choi and Rogers1 and Donley et al.2, while protocol number
four was our own synthesis of the two.

Our results indicate that there is little directional bias for the material we have used,
and residual stresses after the initial pre-shear protocol are very low. From the flow curves,
we cannot conclude with certainty that any of the pre-shear protocol is significantly better
than the others, nor, in fact, that they are significantly better than simply refraining from
pre-shear. However, a synthesis of the two protocols from the literature, shows promise.
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Here, LAOS is used in lieu of rotation, and the reset step is added directly after pre-shear.
Refining this method further may be interesting for future work.

Our efforts show that finding the correct shear rate and duration for the reset step can
be challenging, and requires that the researcher devote considerable time before starting
the main measurements. As such, extensive protocols like those tested herein are perhaps
more suited for fundamental research rather than applications.
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RHEOLOGY OF HIGH-PROTEIN SAUCES 

ABSTRACT 

As life expectancy continues to rise age-related health issues are becoming increasingly 

prevalent, placing greater demands on healthcare systems. Adequate intake of energy and 

protein is critical for maintaining health and preventing frailty in older seniors. Ready-to-eat 

meals are commonly consumed by this group, particularly those living alone, and offer a 

practical avenue for nutritional intervention. Enhancing the protein content of these meals, 

especially through components like sauces, may improve dietary intake without compromising 

palatability.  

An ongoing project aims to develop high-protein, high-energy, ready-to-eat meals tailored 

to the needs of older seniors. This current study investigated the impact of adding different 

protein powders (pea, rice, gluten and whey) to a model sauce on its rheological properties. 

Using viscometry, the results show that protein addition generally increases sauce viscosity, 

with rice protein being an exception, and modify the initial structure formation on heating. 

These findings suggest that protein fortification of sauces is feasible, though formulation 

adjustments may be necessary to achieve desirable sensory and textural characteristics. 

INTRODUCTION 

With increasing life expectancy – now approximately 20 years longer than fifty years ago1, age-

related health challenges are becoming more prevalent and place growing demands on 

healthcare systems. Two key determinants of sustained health and quality of life in older adults 

are adequate nutritional intake and regular physical activity. Inadequate consumption of energy 

and protein is strongly associated with undernutrition, sarcopenia, frailty, increased 

hospitalization rates, and elevated mortality risk. 

It is a challenge to design and develop good tasting and attractive foods, dense in energy 

and nutrients, since impact on the food experience itself is crucial. Tastes, flavours and texture 

change according to addition of nutrients and energy2. Ready-to-eat meals are popular among 

seniors, especially for community-dwelling seniors in single households. Such a meal typically 

contains 400-700 kcal and 20-30g protein and contains meat, carbohydrates (potato, rice, pasta), 

vegetables and sauce. For the senior consumers it would be beneficial to increase the protein 

content which can be done in several ways. More meat could be added but it is by some 

considered tough to eat, and another way is through the sauce. Sauce has been found beneficial 

overall for increasing intake of energy and protein for seniors3. Addition of protein affects both 

rheological behaviour and sensory properties. 
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The aim of the on-going project FRESH is to develop high-protein, high-energy, nutritious 

ready-to-eat meals to prevent onset of frailty. The objective of the present study was to study 

addition of protein to a model sauce4 and how it influences its rheology. 

MATERIALS AND METHODS 

Materials 
Three different protein powders of pea, rice and whey protein were kindly supplied by the food 

manufacturer Dafgårds (Källby, Sweden). Gluten was supplied by Lantmännen (Lidköping, 

Sweden). Wheat flour, rapeseed oil and salt were obtained from the local supermarket.  

 

Sample preparation 
A basic model recipe of sauce was used where 6g wheat flour, 9g protein powder, 0.2g salt and 

6g oil was first mixed. Water (100g) was then added and stirred to a smooth sauce consistency 

at 60°C. In the reference sauce no extra protein powder was added. The prepared amount 

corresponded to a typical serving of sauce. 

 

Rheometry 
An ARES G2 rheometer (TA Instruments, New Castle, DE, USA) was used for viscometry, 

equipped with a helical impeller in a 34 mm diameter cup at 37°C, see Fig. 1a. Viscometry was 

monitored using systemic rheology5. Viscosity was monitored at a shear rate of 100 s-1 during 

a temperature profile simulating processing, cooling and reheating for consumption as shown 

in Fig. 1b. Heating and cooling rates were set to 2°C/min. A flow curve was obtained after the 

reheating for shear rates 1-100 s-1. The Power law model, σ=K𝛾̇n, was fitted to the flow curves, 

and the consistency index K and flow behaviour index n was extracted. All measurements were 

performed in triplicate. 

 

  
 

FIGURE 1: Experimental setup. a) Helical impeller system, b) temperature profile 

RESULTS AND DISCUSSION 

During heating of the ingredients from 60-95°C the starch will gelatinise and protein aggregate. 

This caused an increase in viscosity as depicted in Fig. 2. The reference sauce without added 

protein had a moderate increase in viscosity at about 85°C mainly caused by gelatinisation of 

the wheat starch, whereas whey protein caused a strong increase in viscosity starting at 75°C. 

All sauces showed an initial increase in viscosity going through a peak and then decrease at 

a b 

Flow 
curve 
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higher temperatures. The sauces were continuously sheared at 100 s-1 throughout the heating 

causing the initial aggregates and gelatinised starch granule structure to eventually break, and 

the viscosity to level out.  

 

 

 
FIGURE 2: Viscosity during processing of sauces (heating and shearing).  

⚫ Reference (flour only), ⚫ pea protein,   rice protein, ◆ gluten and  whey protein   

 

After the initial heating, resembling processing (Fig. 2), the sauces were cooled and reheated to 

eating temperature (60°C) where a flow curve was obtained. The Power Law model was fitted 

to the recorded data, and K and n are presented in Fig. 3. 

The flow behaviour index n shows the degree of shear thinning where a value close to one 

indicates Newtonian behaviour (Fig. 3a). The n value ranged from 0.4 to 0.7 except for the 

sauce containing rice protein (0.97). This sample also had a low K value (0.020 Pa sn) meaning 

that it had a “thin” texture. After the initial peak for the rice protein sauce in viscosity during 

processing the structure was broken by the shear flow which resulted in much lower viscosity 

than for the other sauces. 

The consistency K can be considered as the sauce “thickness” as the recorded flow 

behaviour index n was fairly constant (except for the sauce with added rice protein). Fig. 3a 

shows the consistency index for all sauces. Except for rice protein, all addition of protein 

resulted in thicker sauces than the reference. It can also be noted that whey protein caused high 

variability in the measured viscosity between replicates. 

CONCLUSIONS 

The rather high amount of 9 g added protein to a serving did not significantly alter sauce 

rheology. The viscosity of the final product at eating temperature increased, but not beyond 

limits. Processing of the sauce may have to be adjusted as the protein-fortified sauces had 

significantly higher initial viscosity and onset of the viscosity increasing at lower temperature 

than the reference sauce.  

Rice protein was the exception resulting in a reduced viscosity and a too thin texture. For a 

commercial product this could be exploited by using a mixture of rice and other proteins to 

modulate the viscosity towards the desired texture. 
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FIGURE 3: Power law constants for the sauces, a) consistency index K, and b) flow behaviour index n.  
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ABSTRACT 
Grout injection is also used to repair masonry and plasterwork on heritage structures. Since 

cementitious materials are generally deemed unsuitable, lime-based grouts are commonly used. 

The rheology of injection grouts is often modified to improve injectability and prevent bleeding 

and segregation. The use of rheology-modifying agents is mostly based on their behaviour in 

cementitious materials. While their properties are comparable, the dissimilarities may have 

crucial implications for the behaviour of rheology modifiers. 

This study examines how biopolymeric rheology modifiers (e.g. cellulose ethers, diutan 

gum, and guar gum derivatives) affect the properties of air lime-based grouts prepared with the 

same flow value. Flow and amplitude sweep tests were conducted on pastes containing 0.5% of 

rheology modifier to study their behaviour. Grouts containing the modifier required a higher 

water-to-solid ratio to achieve the specified flow value, since the additives act by swelling and 

increasing the viscosity of the solvent. Bingham model was used to characterise the flow curves. 

Yield stress and plastic viscosity generally decreased at a rate corresponding to the increase in 

w/b in most cases. Elevated water content also led to lower loss and storage moduli observed 

during the amplitude sweep test while the simultaneous presence of additives promoted stability 

of the paste (LVR length), less brittle transition from viscoelastic solid to liquid behaviour and 

shift of the flow point to significantly higher strain values. The suitability of the studied 

additives for use in lime-based grouts is discussed with a view to further developing injection 

grouts. 

 

INTRODUCTION 

Injection grouting is a widely employed technique in the restoration and conservation of 

historical structures, offering an effective means of stabilizing and reinforcing deteriorated 

masonry and stone materials1,2. It involves the injection of fluid or semi-fluid grout materials 

into cracks, voids, or porous substrates to improve mechanical strength, reduce permeability, 

and restore structural integrity. Among the various types of grouts used, aerial lime-based 

injection grouts are preferred in restoration practice for their compatibility with historic 

materials, as they provide solution that respects the original materials of heritage constructions3–

5. Achieving optimal performance in grouts requires careful control of their rheological 

properties, which directly influence the grout's injectability, penetration depth, stability, and 

setting behaviour6. 

Rheological parameters may be used to describe how the grout behaves under the shear 

stresses encountered during injection and how it behaves after placement. Yield stress (τ0) 

represents the minimal force necessary to initiate flow6–8. Grout with an appropriately low τ0 

can overcome resistance in narrow capillaries and cracks within masonry, ensuring deep 

penetration without excessive pressure that might cause damage to historic substrates however, 

too low τ0 leads to the grout flowing too freely, risking segregation and rapid loss from the 

  ANNUAL TRANSACTIONS OF THE NORDIC RHEOLOGY SOCIETY, VOL.  34, 2026

121 



 

 

injection site 7,9. Plastic viscosity (η) reflects the internal resistance to flow once τ0 is exceeded, 

influencing the grout’s penetration depth and distribution. Similarly to τ0, high η leads to greater 

pumping pressures and reduced flow rates, limiting how far the grout can travel from the 

injection point while too low η leads to separation between solid and liquid phase 6,8,10. 

Thixotropy, a time-dependent shear thinning property, governs the recovery of viscosity after 

shear is removed, crucial for maintaining homogeneity and preventing grout segregation or 

settling after injection 9,11.  

To control and optimize these parameters, rheology modifying admixtures are often 

incorporated into grout formulations. Various cellulose ethers are commonly used based on their 

applications in cementitious materials however, mostly without dedicated studies on lime-based 

systems 12–15. Lately apart from cellulose ether other biopolymeric admixtures such as guar gum 

or chitosan ethers, diutan gum and various algae extracts have been studied as cellulose ethers 

alternatives 16–21. These admixtures not only modify rheology but also improve water retention, 

reduce shrinkage cracking, and increase adhesion to the substrate 13,16,22. They mainly work by 

forming gels in aqueous media thus rising τ0 and thixotropy, so in order to counter this also 

requiring higher water/binder (w/b) ratio. Cellulose ethers are recognized for their ability to 

increase τ0 and improve thixotropy 12,13,23, while diutan gum contributes by viscosifying and 

stabilising effects 19,24,25. Sodium alginate offers gel-forming properties through ionic cross-

linking with Ca2+ ions present in solution helping to stabilise the suspension 26, chitosan and 

guar gum derivatives act in similar way to cellulose ethers with the effects largely dependent on 

the functional group added, e.g. use hydroxypropyl leads also to increased amount of air 

entrapped in the grout during the mixing process 13,22,27,28. 

While the impact these admixtures on cementitious grouts has been partially studied, 

literature focusing on their use in lime-based grouts is sparse. Therefore, this study aims to 

explore the influence of selected biopolymeric rheology modifying admixtures on the 

rheological properties of aerial lime-based injection grouts studying flow and viscoelastic 

response of the grouts the research tries to understand how these additives alter grout’s 

behaviour and performance that’ll lead to improved formulation strategies for lime-based 

injection grouts, enhancing their applicability and reliability in the preservation of historic 

masonry and stone structures. 

 

MATERIALS AND METHODS 

CL 90 S aerial lime in accordance with EN 459 (vápenka Čerotvy schody, s.r.o, Czechia) was 

used to prepare the grouts with 0.5% weight addition of selected biopolymeric admixture 

(Table 1). The grout was prepared by dry mixing lime with admixture and then adding specified 

amount of water (water/binder ratio; w/b; Table 1), necessary to achieve 250 mm spread using 

EN 1015-3 flow cone – a value denoted as common by practitioners – after 60 s of mixing. 

After the same 60 s mixing procedure, the grout was introduced into the DIN concentric cylinder 

geometry with vaned tool installed on TA Discovery HR 1 hybrid rheometer, and 120 s from 

water introduction inti the mixture one of the following procedures was started at 20 °C Peltier 

system controlled temperature.  

Flow and viscoelastic properties’ procedure consisted of 60 s of preshear at 50 s-1, followed 

by 60 s resting period and 0 s-1 to 100 s-1 to 0 s-1 flow sweep test; then, after 105 s of resting 

period, the amplitude sweep test at 10 rad s-1 angular frequency and strain from 0,001% to 

1000% was conducted. The three interval thixotropy test (3iTT) intervals were 120 s at 0.1 s-1 

shear rate followed by 60 s at 100 s-1 to breakdown the structure and another 300 s at 0.1 s-1 to 
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observe structural rebuild (see Fig 3). This test was conducted on fresh grout, starting 120 s 

after introduction of water into the mixture, placing the start of observation period 5 min mark. 
TABLE 1: Used admixtures, their properties and w/b of prepared grouts. 

abbreviation chemical composition manufacturer 
η @ 20°C 
2% aq sol. 

(mPa s) 

w/b 
(–) 

LG-ref lime grout – no admixture – – 1.36 

HPG hydroxypropyl guar gum Lamberti S.p.a. 68 2.31 

HPCH hydroxypropyl chitosan Kraeber & Co, GmBh 6 1.42 

HPMC hydroxypropyl methyl cellulose Lotte fine chemical 188 2.31 

DG diutan gum CP Kelco 85 2.46 

ALGNA sodium alginate Sigma Aldrich, Co 6 1.42 

CMCH carboxymethyl chitosan Kraeber & Co, GmBh 5 1.48 

CMC carboxymethyl cellulose Carl Roth GmbH 50 1.82 

HEC hydroxyethyl cellulose 
SE Tylose GmbH & Co. 

KG 
209 1.86 

HEMC hydroxyethyl methyl cellulose Sigma Aldrich, Co 158 2.08 

The linear part of down curves was fitted using Bingham model to determine the yield stress 

(τ0) and plastic viscosity (η) of the grout. From the results of amplitude sweep test the critical 

strain (γc); end of linear viscoelastic region LVR) and flow strain (γF; modulus crossover, where 

the behaviour changes from viscoelastic solid to liquid) with corresponding values of storage 

modulus (G’) were obtained. The γc was defined as the last point at which the G’ lowers by less 

than 5% from the highest value at the plateau region. For 3iTT, the η at specific timepoints (5, 

10, 20, 30, 60, and 300 s) at the recovery period was compared to the η measured at the end of 

first interval and express in relative terms as percentage of this η regained at the given timepoint. 

 

RESULTS AND DISCUSSION 

Flow properties 
Fig. 1 (a) shows downward flow curves of several modified grouts along with example of 

Bingham fit on one curve. From the vertical positioning of the curves the decrease in τ0 is 

evident of shown admixtures as well as growth of η represented by the slope of the linear part 

of the downcurve. The η growth is most evident for DG with significantly steeper curve as the 

η is about 8 times higher than that of unmodified grout as based on values of all the parameters 

shown in Fig 1 (b). τ0 in general diminishes with incorporation of admixture as the water content 

is increased decreasing the amount of solids in the mixture29. The effect is however not governed 

only by increased water content as seen by comparing HPG and HPMC, where the latter showed 

about double the τ0 of the former even though the w/b is the same. The most notable is behaviour 

of HEC that increases both τ0 and η despite the increased w/b. This is caused by HEC being the 

admixture with the highest viscosity in its aqueous solution (Table 1) as well as the later found 

slower gelling of HEC (see 3iTT, Fig 3) in lime suspension, that leads to the grout at the time 

of testing notably deviating from its properties at 60 s after mixing, when the w/b was 

determined. 

The η of lime grout is generally increased as the water is replaced by more viscous admixture 

solution 15, however the efficiency of the admixtures does not completely mirror their solution 

η as the process is more complex, influenced by large amount of free Ca2+ ions in lime 

suspension as well as variable w/b that causes the concentration of admixture in the dispersing 
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medium to vary approximately between 2% and 3.5%. The effects of different media are evident 

in the case of DG, that even though having about half the solution viscosity of hydroxy- 

cellulose derivatives, causes significant increase in η, most likely thanks to its high stability 

even at highly basic solution with high amount of bivalent ions 24,25. Overall, the decrease in τ0 

of the grout caused by increase w/b thanks to the water-retentive function of admixture, is 

beneficial to the injection grouts as it decreases also the injection pressure and therefore chance 

to damage the surrounding structures 6,8,9. The increase in η on the other hand would limit the 

injection depth, making admixtures with moderate η increase such as HPG and HPMC more 

suitable options. 

  
(a) (b) 

FIGURE 1: (a) examples of downcurves of selected samples; (b) Bingham model parameters 

 

Viscoelastic properties  

 

 

(a) (b) 
FIGURE 2: (a) critical strain and corresponding storage modulus; (b) flow strain and corresponding 

storage modulus. 

The results of the amplitude sweep test are shown in form of strain/storage modulus coordinates 

for two specific points in the grout behaviour: γc for the end of LVR where the stability of the 
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grout is compromised and its transition from viscoelastic solid to liquid behaviour through gel-

like phase begins (Fig 2 (a)), and flow point (γF) where this transition end by the storage 

modulus intersecting the loss modulus curve and marking the start of liquid behaviour of the 

grout (Fig 2 (b)). During the test all the samples showed G’ higher than G’’ behaving as 

viscoelastic solids as expected from the suspensions of larger particles with measurable τ0 
17,21. 

Two main effects can be observed here, the influence of increased w/b causing decrease in G’C 

by up to three orders of magnitude due to increased amount of dispersing medium 21, and the 

stabilising effect of admixture gel formation resulting in LVR up to 10 × longer than that of the 

unmodified grout, the promotion of viscoelastic behaviour is expected as the sole aqueous 

solutions of the admixtures are viscoelastic 25,30. Decrease in G’C along with increase in stability 

shows of behaviour sough after e.g. in a case of self-compacting concrete that is also parallel to 

injection grout – ability to withstand much less force however with significantly higher 

amplitude, allowing the material to flow easily while preventing segregation 17,31. By comparing 

the length of interval between γc and γF the more homogenous and gradual breakdown of the 

internal structure of most of the admixtures, apart from ALGNA and CMCH that show values 

comparable to unmodified grout, can be observed. This would mean, that more intensive mixing 

is required pre-application, which is however compensated decrease G’ and therefore the strain 

needed to overcome the viscoelastic solid-like state.  

 

Thixotropy 
Thixotropy of the grouts using 3iTT was tested, and the results are presented in Table 2 in a 

form of % of η regained at specified timepoints, and for selected admixtures as η evolution 

curves in Fig 3. The unmodified grout quickly regains all the original η, that further slightly 

grows as the lime grout ages. The introduction of the admixture along with increased w/b leads 

to only fraction of initial η being rebuilt just after end of second interval, as the gel 

restructuralisation in most cases takes significantly longer time. Majority of the grouts showed 

consecutive η growth with passing time while in case of HPCH it seems to plateau at around 

90% relatively quick just around 30 s timepoint. For the grouts with high w/b, where the η is 

governed by the η of dispersing medium, all the mixtures shown 45-80% η rebuilt at studied 

time period, while grouts with w/b comparable to pure lime (CMCH, ALGNA) both reached 

the same comparable value although at slower pace.  
TABLE 2: percentage of regained viscosity at specific timepoints after end of mixing period 

 (%) of viscosity regained at time t(s) from end of second interval 

t (s) 5 s 10 s 20 s 30 s 60 s 300 s 

LG-ref 102.4 106.8 108.2 108.1 109.2 115.7 
LG-HPG 19.7 39.3 64.1 48.3 60.2 82.6 

LG-HPCH 51.8 69.6 86.9 90.1 87.6 88.0 
LG-HPMC 14.1 15.7 20.1 24.0 32.2 44.4 

LG-DG 9.0 12.2 13.1 15.1 21.5 52.4 
LG-ALGNA 73.8 71.9 71.7 73.0 80.7 120.2 
LG-CMCH 76.2 73.5 74.7 76.5 82.4 127.6 
LG-CMC 22.9 26.6 34.7 37.9 45.1 59.5 
LG-HEC 151.6 202.7 282.1 312.7 333.5 309.7 

LG-HEMC 24.6 26.4 37.0 43.2 50.9 66.4 

The most distinct is the behaviour of HEC, that initially after end of second interval shows 

significant increase in η that further notably grows in first 60 s, showing either really high 

thixotropy and gelling properties of HEC 32, or possible delayed gel formation while compared 

to other admixtures as the η growth is significantly higher than in any other, even unmodified, 
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grout, meaning that during the first interval the gel was not yet fully formed therefore the test 

procedure of HEC may need to be modified to mirror its behaviour. The thixotropy decrease 

present in most cases may benefit injection grouts intended for injection of larger voids with 

fewer injection points, more complex crack network, and also pressure sensitive surrounding 

structure as the lower thixotropy ensures the grout will flow further into the structure even after 

the initial pressure is gone before it rebuilds enough structure to stay in place 8,9,33. 

 
FIGURE 3: Results of 3iTT for selected grouts 

 

CONCLUSIONS 

The article studies the effects of various biopolymeric viscosity modifying admixtures on the 

properties of aerial lime-based grouts. The flow properties using Bingham model, internal 

structure using amplitude sweep test and thixotropy by a means of viscosity during 3iTT are 

studied. 

The use of the selected viscosity modifying admixtures led to decrease in yield stress as the 

water/binder ration had to be increased to maintain specified workability, however plastic 

viscosity mostly grows as the water is replaced by more viscous polymer solution. The increase 

in amount of water, therefore decrease in solids fraction cases drop in storage modulus in the 

area of linear viscoelastic region, with admixtures stabilising the suspension in this area 

significantly prolonging the LVR. With changes to dispersing medium the manner of structural 

breakdown moves to more gradual and homogeneous as the flow point moves to almost order 

of magnitude higher strains. Most of the admixtures lower the thixotropy of the grout, showing 

slower more, gradual rebuilt of viscosity, promoting the grout’s ability to flow after the initial 

stress is removed, improving the penetration depth. Only hydroxyethyl cellulose has opposite 

effect causing significant increase in viscosity as soon as the strain is removed. 

The decrease in yield stress is essential for lowering the injection pressure, therefore 

protecting the delicate structures around the intervention site, for this alone, all the admixtures 

would be beneficial for use in lime-based injection grouts. However from the presented results 

mainly hydroxypropyl guar gum and hydroxypropyl methyl cellulose come as the most suitable 

as the significant drop in yield stress is accompanied by only minor increase in plastic viscosity. 

Further research should focus on the incorporation of other particles such as fillers and 
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pozzolanic additives into the mixture and the overall stability and behaviour of such to bring 

the experiments closer to applicable products. 
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AMYLASE SENSITIVITY TO pH IN STARCH-BASED THICKENED 
SOLUTIONS FOR DYSPHAGIA MANAGEMENT 

ABSTRACT 

Dysphagia i.e. swallowing disorders negatively impacts on health and daily life, especially in 

older adults. It affects up to 30% of seniors above 65, which is particularly significant given 

that 20% of Sweden's population falls within that age group and is foreseen to rise due to longer 

life expectancy. Starch-based thickeners can provide tasty and good mouthfeel contributing to 

ensure a safe swallowing in seniors, except that starch is rapidly hydrolysed by salivary α-

amylase. 

This contribution focus on the role of pH in acidic, starch-based, thickened solutions to inhibit 

starch hydrolysis as a first step to the development of beverages adapted for dysphagia patients. 

The objective was to determine the range of pH values affecting α-amylase. For this goal, 

5.4 %wt. starch-based solutions with pH between 2.1 and 2.9 were prepared, and viscosity was 

monitored using a systemic rheology approach for simulating oral processing conditions. 

Results showed that the starch-based solution acidified at pH 2.1 inhibited α-amylase hydrolysis 

maintaining its viscosity during the test. On the contrary, a 72% drop in viscosity was observed 

after α-amylase was added to thickened solution prepared at pH 2.9, while a moderate decrease 

(41 and 59%) was showed for pH 2.3 and 2.5, respectively. In summary, the hydrolysis of 

starch-based solutions via α-amylase and, consequently, the viscosity can be modulated by 

adjusting pH. It highlights the potential application of these thickeners in the development of 

beverages to manage swallowing disorders. 

INTRODUCTION 

Swallowing disorders, or dysphagia, affects 10-30% of all aged 65 and above due to factors 

such as degenerative diseases, side effects of medication or simply age-related impairment of 

physiological oropharyngeal function1. The proportion of seniors over 65 is 20% in Sweden and 

is nearing 30% in Japan, compared to a global average of about 10%. Additionally, global life 

expectancy is projected to rise. Age-related dysphagia, which is seldom curable, necessitates 

the provision of texture-modified foods and beverages that can be safely swallowed 2. 

Increasing the viscosity of beverages results in slower flow, allowing sufficient time for 

individuals with age-impaired physiology to swallow safely3. To prevent aspiration, it is also 

crucial to maintain the cohesiveness of the bolus, preventing it from breaking into droplets. This 

is achieved by thickening, which involves increasing shear viscosity and, also important, 

enhancing fluid elasticity4,5. Xanthan gum, the most commonly used dysphagia thickener, 
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contributes to elasticity but has the disadvantage of creating a somewhat slimy mouthfeel6,7. 

Dehydration is a common consequence of dysphagia, and the undesirable sliminess can 

exacerbate this issue. Starch-based thickeners offer the advantage of enhancing the taste and 

aroma intensity of beverages but suffer from a decrease in viscosity due to amylolytic process 

driven by α-amylase in oral saliva8. However, the pH value of the food media can inactivate 

this process as acidity is increased under pH values of 4 - 39. 

The aim of the project FRESH was to develop starch-based, thickened beverages to provide a 

more pleasant mouthfeel for dysphagia patients. The objective of the present study was to 

highlight the role of pH in acidic starch-based thickened solutions to inhibit the enzymatic 

activity of α-amylose as a first step to the development of such beverages. 

MATERIALS AND METHODS 

Materials 
Starch was kindly supplied by Lyckeby (Kristianstad, Sweden), as a modified potato starch 

thickener, pregelatinized and subjected to acetylation and phosphate crosslinking, labelled by 

EFSA as E1414. This starch was cold swelling and able to provide an appropriated viscosity 

and consistency. α-Amylase (cat. No. A6380) was obtained from Sigma Aldrich and citric acid 

(cat. No. 0244) from Merk. All reagents for INFOGEST protocol were obtained as follows: KCl 

(Merk, cat. No. 4936); KH2PO4 (Fisher Scientific cat. No. 4800); NaHCO3 (Sigma-Aldrich, cat. 

No. 108378); MgCl2(H2O)6 (Merk, cat. No. 5833); (NH4)2CO3 (Sigma Aldrich, cat. No. 

108375); HCl (Sigma-Aldrich 258-148J. T. Baker, cat. No 6081); CaCl2(H2O)2 (Merk, cat. No 

2382); and HCl (Sharlau, cat. No. AC0741). Ultrapure type I water, generated by a Milli-Q 

system was uses as solvent for all prepared solutions and dispersions. 

 

Sample preparation 
Aliquots of the starch were dispersed overnight at room temperature in Milli-Q by means of a 

magnetic stirrer to have 5.4 %wt. dispersions at desired pH values (2.1; 2.3; 2.5 and 2.9) by 

adding citric acid 2N. All dispersions showed an IDDSI-level 3 according to the International 

Dysphagia Diet Standardization Initiative (IDDSI) framework when tested by an IDDSI 

syringe. 

Following the INFOGEST protocol10, the starch dispersions were first mixed with simulated 

salivary fluid (SSF) in a 50:50 ratio. The mixture (40 mL) was inserted in the measuring cup of 

the rheometer and set at 37 °C to simulate the oral processing. For this purpose, α-Amylase (1 

mL) was added later during rheological monitorization. 

 

Rheometry 
An ARES G2 strain control rheometer (TA Instruments, New Castle, DE, USA) equipped with 

a helical impeller in a 34 mm diameter cup was used for rotational tests, see Fig. 1. Viscosity 

was monitored at 37°C using systemic rheology11. For this purpose, samples and α-amylase 

were mixed in situ and stress growth tests were carried out at 50 s-1 for 600 s, being α-amylose 

added after the first 60 s. All measurements were performed in triplicate. 

RESULTS AND DISCUSSION 

To mimic a typical bolus the samples were mixed with simulated salivary fluid (SSF) without 

α-amylase at 37 °C and 50 s-1, which is often referred to as a typical shear rate during oral 

processing. Fig. 2. shows the evolution of apparent viscosity as a function of time for 600 s. 

Reproducibility was good. Error bars were left out of Fig. 2. as the standard deviation was in 

the same order as the symbols.  
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FIGURE 1: Experimental setup. a) Helical impeller system, b) addition of amylase 

 

 
FIGURE 2: Evolution of apparent viscosity of Swely gel dispersions (5.4 %wt.) at different pH values 

before and after α-amylase was added to simulate oral processing (𝛾̇ = 50 𝑠−1)̇ .  
 

All systems showed an initially increasing trend after adding α-amylase. However, each of 

them followed a different evolution depending on the set pH value within the first 180 s, 

although all of them increased to a plateau after 120 s of adding α-amylase. Thus, 5.4 %wt. 

starch dispersions at pH starting with 2.3 displayed a decrease in viscosity, which got more 

pronounced as pH increased. The system at pH 2.3 exhibited a moderate decrease in viscosity 

(ca. 41%), whereas a sharp and immediate drop was observed for systems at pH 2.5 and 2.9 

with a percentage decrease of 59 and 72%, respectively. On the contrary the system at pH 2.1 

showed an increase in viscosity of ca. 29% in viscosity, maintaining its value to the end of the 

test (600 s). In any case, the final viscosity value after the α-amylase had acted on the samples 

for 9 minutes were in the order of 20-55 mPa s which imply values from 25 to 80 times higher 

compared to the viscosity of water (0.7 mPa·s) at the same temperature (37 °C). 

On the other hand, the amylase sensitivity of starch-based dispersions at pH between 2.3-

2.9 could be seen as a disadvantage for use in beverage. However, the decrease in viscosity 

appeared 20-40 s after adding α-amylase for pH 2.3 and 2.5, which is a relative long time 

compared to the few seconds that people usually keep beverages in their mouths. Furthermore, 

although those suffering from dysphagia may keep food and beverages in the mouth for a longer 

time, the whole effect of the exposure of these systems to amylase would not be taking place 

before 60 or 120 s from its addition for system at pH 2.5 and 2.3, respectively. This, beside the 

fact that the starch hydrolysis was not observed in the system at pH 2.1, open a possibility for 

a b 
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the use of starch-based thickeners in acidic beverages below pH 2.9 to get a better mouthfeel 

and safer swallowing. 

CONCLUSIONS 

The effect of adding α-amylase on the viscosity of starch-based thickened dispersions varied as 

a function of the set pH value in tests simulating oral processing conditions by systemic 

rheology. Whereas a pronounced effect was observed for system at pH 2.9, that one at the more 

acidic conditions inhibited the activity of the above-named enzyme. Samples within the studied 

range (e.g. 2.3 and 2.5) displayed a moderate fall in viscosity (ca. 40-60%). But, in either case, 

the completed effect of α-amylase was not observed until 10-120 s of adding α-amylase for 

systems at pH value 2.9-2.3. This may or may not be serious for those suffering from dysphagia 

as the timeframe of oral processing of beverages could be even shorter. Hence, starch-based 

thickeners can be an alternative to other gums used with a potential enhancement of the taste 

and aroma in acidic beverage. Consequently, beverages with low pH would be worth studying 

further for the design of tailored beverages for seniors and others suffering from dysphagia. 
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