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ABSTRACT
Dysphagia caused by dysfunction is commonly managed by thickened beverages, yet fluids with similar viscosity may differ mark-
edly in terms of swallowing safety. This study investigates how thickening mechanisms such as viscosity level, elasticity, and shear-
thinning affect bolus cohesivity and aspiration risk. Model fluids with identical shear viscosity at 50 s−1 of 0.15 Pa s and IDDSI level 2 
were formulated: Newtonian (maltodextrin), Boger (maltodextrin + xanthan, elastic), and shear-thinning (xanthan). Their flow be-
havior was evaluated in a swallowing simulator (“The Gothenburg Throat”) replicating healthy and impaired conditions, combined 
with shear and extensional rheometry. Despite identical shear viscosity, marked differences in flow were observed. Newtonian 
fluids showed insufficient cohesivity and allowed aspiration under impaired conditions, whereas both elastic (Boger) and shear-
thinning fluids maintained cohesive boluses and prevented airway entry. Elastic and extensional properties enhance bolus integrity, 
reducing droplet breakup. Analysis using dimensionless numbers indicated that neither viscosity nor inertia alone predicts perfor-
mance; instead, a combined “bolus cohesivity number” incorporating viscous, elastic, inertial, and surface forces correlated with 
aspiration outcomes. These results demonstrate that the mechanism of thickening is critical: elasticity and shear-thinning improve 
swallowing safety beyond viscosity alone, which has strong implications for the design and selection of dysphagia thickeners.

1   |   Introduction

Swallowing disorders, or dysphagia, affect 10%–30% of peo-
ple aged 65 and above (Barczi et al. 2000) due to factors such 
as degenerative diseases, side effects of medication or simply 
age-related impairment of physiological oropharyngeal func-
tion. Age-related dysphagia is rarely curable and managed by 
texture-modified foods and thickened beverages (Ekberg 2019). 
The increased viscosity of the beverage induces slower flow, 
which allows sufficient time also for an age-impaired physiology 
to swallow safely (Newman et al. 2016). A specific factor to avoid 
fluid entering the airway, that is, aspiration, is to assure cohesiv-
ity of the bolus so it does not break up into droplets.

Dysphagia caused by dysfunction is clinically diagnosed mainly 
by two analytical methods: (i) X-ray video-fluoroscopy allows 

real-time assessment of the anatomy and physiology of the 
swallowing apparatus during bolus transport (Ekberg  2019). 
(ii) Fiber Optic Endoscopic Evaluation of Swallowing (FEES) is 
used to optically examine abnormal swallowing function. FEES 
is a useful bedside swallowing examination to visualize the 
anatomy of the pharynx and larynx without X-ray exposure and 
is highly sensitive for detection of aspiration after swallowing 
(Benjapornlert et al. 2020). Both methods are used clinically as 
the gold standards for diagnosing dysphagia. In addition, other 
methods such as questionnaires and observation swallow of dif-
ferent fluids are used clinically.

When a person is diagnosed with dysphagia, the management 
of drinking is mainly through thickened beverages where 
the level of thickening is expressed through the IDDSI-level 
(International Dysphagia Diet Standardization Initiative) 
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(Cichero et al. 2017). For beverages, the scale goes from 0 (not 
thickened) to 4 (extremely thickened), where IDDSI 1 and 2 
are common. The levels 1–3 are clinically tested by letting 
the beverage drip out of a syringe with specified dimension 
for 10 s (Steele et al. 2024). The rheology of this test has been 
thoroughly evaluated and translated to Power law parame-
ters n and K obtained by viscometry (Lecanu et al. 2024). The 
study shows that several fluids with a wide range of shear-
thinning can still fall into a specific thickness level. However, 
when considering other fluid properties such as elasticity, 
the classification becomes much more complicated (Lecanu 
et al. 2026). It should also be noted that overly viscous or elas-
tic fluids can impair swallowing due to fragmentation with 
remaining pieces in the pharynx or excessive muscle force re-
quired to initiate swallowing.

Cohesiveness has been discussed by several authors and is 
easy to understand intuitively but has not, to our knowledge, 
been defined in physical terms (Burbidge et al. 2016; Chen and 
Lolivret 2011; Gallegos et al. 2023; Hadde et al. 2019; Nyström 
et al. 2015; McFarland et al. 2026; Wang et al. 2026). By mod-
eling, it has been shown for Newtonian fluids that fragmenta-
tion (inverse cohesiveness) increased with bolus volume and 
velocity and decreased with viscosity (McFarland et al. 2026). 
Burbridge and co-workers have also analyzed fluid mechan-
ics of swallowing for Newtonian fluids (Burbidge et al. 2016). 
They concluded that viscosity is important for both the oral 
phase to avoid spill into the pharynx (manipulation of the 
bolus before swallowing) and for slowing down the flow 
during the pharyngeal phase. They also highlight the inertial 
effects (i.e., density) especially for fast flow. Water commonly 
exhibits turbulent flow, whereas thickened fluids flow in a 
laminar manner. Several authors indicate that fluid elastic-
ity is important for cohesivity even though it remains to be 
proven in terms of fluid dynamics (Chen and Lolivret  2011; 
Gallegos et al.  2023; Hadde et al.  2019; Nyström et al.  2015; 
Wang et al. 2026). In anticipation of a stricter definition, cohe-
siveness will here be used in a loose sense meaning how well 
a bolus keeps together in time and space.

Fluid rheology can be measured non-invasively orally over short 
distances (Sepehri et  al.  2023) but this method is still in the 
experimental stage. As the complete oropharyngeal flow is of 
interest, model fluids have been used to capture the influence 
of different rheological parameters on swallowing. Newtonian 
fluids are commonly compared to Boger fluids to identify effects 
of fluid elasticity (Nyström et al. 2015). In a Boger fluid, a small 
amount of polymer is added to a high-viscous Newtonian fluid 
which shields the shear-thinning, thus keeping an almost con-
stant shear viscosity in addition to being elastic (Boger  1977). 
The effect of elasticity is often contradicted by shear-thinning, 
and such fluids are also interesting to include as model fluids. 
The shear viscosity can then only be compared for one shear 
rate, and for swallowing, 50 s−1 is often chosen although real 
shear rates in the swallowing process have been reported in the 
range 10–900 s−1 (Gallegos et al. 2023; Qazi et al. 2019).

Edible Boger fluids were first developed for sensory analysis 
(Koliandris et al. 2011). Edible model fluids can be formulated 
from viscous maltodextrin solutions with added xanthan for 

elasticity (Nyström et al. 2015; Qazi et al. 2020). For high vis-
cosity, the effect of shear-thinning of xanthan can be masked by 
the Newtonian fluid, whereas for lower viscosity, the addition 
is a balance between adding sufficient xanthan to induce elas-
ticity and at the same time keeping the addition low enough to 
suppress shear-thinning (Nyström et al. 2015). For a Power Law 
fluid, this means keeping the shear thinning index n as close to 
n = 1 as possible. The use of polyacrylamide instead of xanthan 
produces Boger fluids with more constant shear viscosity, but 
polyacrylamide is not edible (James 2009).

The aim of the present study was to determine which effect of 
thickening is most important for bolus cohesivity and to avoid 
aspiration. Model fluids were used to specifically study the ef-
fects of Newtonian, elastic, and shear-thinning mechanisms.

2   |   Materials and Methods

2.1   |   Materials

The model fluids used in this study were prepared using malto-
dextrin Glucidex IT 19 (Roquette, Lestrem, France) and xanthan 
Grindstedt Clear 80 (IFF, Brabrand, Denmark). The ingredients 
were food grade to allow use of the same model fluids in sen-
sory studies. The fluids were for the same reason mixed in a 
sugar-free lemonade (Fun Light Lemonade, Orkla Foods, Oslo 
Norway). Polyacrylamide (PAA) 5–6 × 106 Da (Thermo Fischer 
Scientific, 178042500, Waltham, USA) was used as a non-edible 
reference instead of xanthan.

2.2   |   Model Fluids

Fun Light was mixed with water 1 + 9 according to specifica-
tions. Stock solutions of 60% w/w maltodextrin and 1% w/w 
xanthan in diluted Fun Light were mixed and stirred overnight 
on a magnetic stirrer. The stock solutions were then mixed into 
model fluids (Koliandris et al. 2011; Nyström et al. 2015) to ful-
fill two criteria (i) to have IDDSI level 2 (Cichero et al. 2017); and 
(ii) to have shear viscosity of 0.15 Pa s at 50 s−1. The mixed fluids 
were stirred overnight. The three fluids were:

Newtonian: 53.7% w/w maltodextrin.

Boger: 50% w/w maltodextrin and 0.045% w/w xanthan.

Shear-thinning: 0.45% xanthan. The edible Boger fluid was 
compared to one with PAA instead of xanthan mixed as 
follows:

BogerPAA: 51.5% w/w maltodextrin and 0.06% w/w PAA.

2.3   |   Swallowing Model

The swallowing simulator, referred to as the Gothenburg Throat, 
has been described in detail elsewhere (Stading et al. 2019). A 
brief overview is provided here to introduce it to the reader (see 
Figure 1).
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The test fluid is stored in a tank connected to the simulator and 
is delivered to a syringe pump representing the oral phase of 
swallowing. A bolus of predefined volume and injection velocity 
is introduced into the model pharynx, thereby mimicking the 
propulsive action of the tongue. During filling of the syringe, a 
slide valve remains closed to prevent gravity-driven flow. The 
valve is opened only momentarily during bolus delivery, ensur-
ing that flow is generated exclusively by the thrust applied by 
the syringe.

Anatomical structures are represented by mechanical com-
ponents: two valves simulate the openings to the trachea and 
nasopharynx, a movable epiglottis closes during swallowing, 
and a clamping valve represents the upper esophageal sphinc-
ter (UES). The UES remains closed at the start of each swallow 
and opens transiently to allow bolus passage, coinciding with 
the closure of the epiglottis from its initial open position. The 
epiglottis does not form a hermetic seal over the laryngeal inlet.

As the bolus traverses the pharyngeal model, velocity pro-
files are measured using ultrasound velocity profiling, UVP, 
(Incipientus Ultrasound Flow Technologies, Västra Frölunda, 
Sweden) while pressure transducers record pressures at four 
predefined locations.

2.4   |   Device Settings

In the present study, the bolus volume was set to 30 ± 2 mL, 
which corresponds to a substantial gulp as we do when we 
drink. The ultrasonic transducer was placed above the epiglottis 
as shown in Figure 1. Two digital cameras (DSC-RX100, Sony, 
Tokyo, Japan), positioned in front of and on the side of the phar-
ynx part of the swallowing simulator to record the bolus mo-
tion. The piston speed, that is, the initial bolus speed was set 
to 0.30 ± 0.03 m/s and was kept constant independent of fluid 

rheology. For healthy swallowing the epiglottis closed imme-
diately on initiation of swallowing, the airways (trachea) were 
closed and the UES open. For impaired swallowing, the closing 
of the epiglottis was delayed 1 s and the airways and UES were 
open. The ultrasonic transducer gives velocities along a beam-
line through the center of the pharynx as a function of depth and 
time as shown in Figure 1 (Qazi et al. 2020; Wiklund et al. 2007).

During bolus ejection, image acquisition was performed at 
100 frames s−1. The recorded videos were analyzed and edited 
using Premiere (Adobe, San Jose, USA).

2.5   |   Shear Rheometry

Viscometry was performed using an ARES-G2 rheometer (TA 
Instruments, New Castle, DE, USA) equipped with a concentric 
cylinder system for viscosity (cup diameter 20 mm or 30 mm de-
pending on fluid tested) and a cone-plate system (40 mm, 2.3° 
angle) for determination of normal force. The measurements 
were performed at 20°C.

2.6   |   Extensional Viscometry

The transient extensional viscosity of the thickened solutions 
was determined by the Hyperbolic Contraction Flow method 
(HCF) using an Instron 68SC-5 (Instron Corp., Norwood, 
USA). The HCF method measures the force on a hyper-
bolic nozzle subjecting the sample to a constant extension 
rate and is previously thoroughly described and evaluated 
(Nyström et al. 2017; Stading and Bohlin 2000; Wikström and 
Bohlin 1999). The hyperbolic nozzle used for the measurement 
had an inlet radius of 10 mm and an outlet radius of 0.83 mm, 
which gives a total Hencky strain of typically 6.6–9.9 for the 
fluids investigated.

FIGURE 1    |    Overview of the swallowing simulator, the Gothenburg Throat model. The expanded schematic shows the pharynx section of the 
simulator with the ultrasonic transducer in black and pressure sensors in green.
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2.7   |   Density and Surface Tension

Density was measured using a Densito 30PX (Mettler Toledo, 
Schwarzenbach, Switzerland). Surface tension was deter-
mined by an OCA40 pendant drop instrument (DataPhysics 
Instruments, Filderstadt, Germany).

2.8   |   Statistics

Measured values are presented as mean values with error bars 
denoting the standard deviation. Three or more replicates were 
measured to calculate the mean values.

2.9   |   Theory

Dimensionless numbers are often used to estimate the influence 
of different physical mechanisms, here on the flow of fluids. 
The Ohnesorge number (Oh) is a dimensionless number that re-
lates viscous forces to inertial and surface tension forces. A low 
Oh indicates droplet formation and fluid breakup for example, 
when a fluid exits a tube given by

The Reynolds number (Re) is a dimensionless number that re-
lates inertial forces to viscous forces and predicts laminar or tur-
bulent flow as expressed for flow in a tube.

The Weissenberg number relates elastic forces to viscous forces in 
a viscoelastic fluid. In shear flow it can be expressed as follows:

In (Equations 1–3), η denotes viscosity, ρ density, σ surface ten-
sion, v fluid velocity, D the tube diameter, λ the relaxation time 
and �̇ the shear rate.

3   |   Results and Discussion

3.1   |   Model Fluids

The flow curves for the three edible model fluids are shown 
in Figure  2. All were designed to have the same viscosity at 
50 s−1 of 0.15 Pa s. The Boger fluid should ideally have the same 
constant shear viscosity as the Newtonian, but the limitation 
of using edible xanthan instead of for example, PAA makes it 
slightly shear-thinning. The amount of added xanthan was op-
timized to be as low as possible, to maintain constant shear vis-
cosity, while still giving a positive normal stress while sheared. 
The effect on viscosity of having a dilute lemonade instead of 
water as solvent was negligible, as the viscosity of the lemonade 
(viscosity = 1.02 ± 0.003 mPa s) was very close to that of water 
(1.0016 mPa s). A Boger fluid with PAA instead of xanthan was 
also prepared and measured to give a reference for a correspond-
ing non-edible Boger fluid. PAA is more elastic and gives a Boger 
fluid with a more constant shear viscosity as shown in Figure 2.

Similar model fluids have previously been prepared for other 
purposes (Koliandris et  al.  2011) as well as for swallowing 
studies (Nyström et al. 2015). The concentrations and viscosity 
levels previously reported had the same magnitude, but varia-
tions between batches and suppliers make exact comparisons 
impossible.

All model fluids had IDDSI 2 when measured using the IDDSI 
syringe test (Steele et al. 2024). The test uses a standardized sy-
ringe to measure remaining fluid after 10 s dripping. The rhe-
ology of this test has been translated to Power law parameters 
n and K obtained by viscometry (Lecanu et  al.  2024). When 

(1)Oh =
�

√

��D

(2)Re =
�vD

�

(3)Wi = ��̇

FIGURE 2    |    Viscosity as a function of shear rate for the model fluids studied,  Newtonian,  Bogerxanthan,  shear-thinning. A Boger fluid with 
PAA instead of xanthan is shown for reference, . The solid line indicates 50 s−1. Error bars for the standard deviation were smaller than the symbols.
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plotting n and K in a diagram, the IDDSI levels appear as diago-
nal bands as shown in Figure 3. All three model fluids fall into 
the IDDSI = 2 band, even though the low viscosity of the shear-
thinning fluid pushes it toward the limit of IDDSI = 1.

The fluids were tested as is and no artificial saliva or saliva-like 
buffer was added. In the INFOGEST protocol all samples are di-
luted with equal amounts of saliva buffer (Brodkorb et al. 2019). 
For boluses of solid food we have previously shown that this 
ratio is similar to what you find in real boluses (Stading 2021; 
Stading et al. 2023). For beverages it can be argued that there is 
less dilution by saliva as the ingestion is faster, but there are no 
quantitative results published from expectorated boluses.

As an estimation, a semi-dilute xanthan solution has a viscosity, 
which is proportional to the concentration squared. A 50:50 di-
lution will thus reduce the viscosity to 0.52 = 25% of the original 

viscosity. This would typically mean one step in IDDSI level as 
can be seen from Figure 3, for example, by comparing the IDDSI 
level for K and 0.25 K at n = 1. This is a qualitative discussion, 
but the point is that studying IDDSI level 2 fluids would corre-
spond approximately to IDDSI 3 fluids diluted by saliva. Higher 
IDDSI levels are rarely relevant for beverages, and lower, that is, 
IDDSI 1, needs to be investigated to test if mainly their elastic 
properties are strong enough to contribute. Similarly, although 
the model fluids cover a significant part of the IDDSI 2 band, 
other thickeners like starch, and commercially available thick-
eners should be investigated as well.

A positive normal stress during shear was used as an indication 
of elasticity in optimization of the Boger fluid. For low viscosity 
fluids, the normal stress is often overshadowed by inertia, and it 
is not an absolute measure of fluid elasticity. The normal stress 
of the Boger and shear-thinning fluids is shown in Figure 4a. 
The shear-thinning xanthan solution had lower shear rate de-
pendence than Boger fluids, which can depend on several phys-
ical mechanisms. Xanthan forms a weak network, which easily 
can disentangle and thus build less elastic stress. The extended, 
non-aligned chains at low shear rate mean slower relaxation, 
and the polymer contribution decreases with shear due to the 
shear-thinning (Del Giudice et al. 2017; Zirnsak et al. 1999). In 
the Boger fluids, maltodextrin masks shear-thinning.

Extensional viscosity is a more quantitative measure of fluid 
elasticity than the normal stress. The shear-thinning and Boger 
fluids showed substantial extensional viscosity as shown in 
Figure 4b, especially compared to 3 × shear viscosity plotted for 
the Newtonian fluid. A Boger fluid containing PAA instead of 
xanthan is shown for reference, and it had the highest exten-
sional viscosity due to the high elastic contribution of the PAA. 
A Trouton ratio could be calculated for the lowest extension rate 
and was in the range 5–90 for the fluids.

The method of Hyperbolic Contraction Flow determines the 
total measured stress on a hyperbolic nozzle through which 
the fluid is forced to extend. The stress is a sum of exten-
sional and shear stresses, and the calculated shear stress is 
subtracted before calculating the extensional viscosity. For 
the Boger fluids, this means that only a small extensional 

FIGURE 3    |    IDDSI levels adopted from Lecanu (Lecanu et al. 2024) 
with the three model fluids inserted:  Newtonian,  Bogerxanthan,  
shear-thinning. The dashed lines are extrapolations from the results 
by Lecanu. K and n are the Power Law parameters describing a shear-
thinning fluid (n < 1). A Boger fluid with PAA instead of xanthan is 
shown for reference, . Error bars for the standard deviation were small-
er than the symbols.

FIGURE 4    |    (a) Normal stress as a function of shear rate for the shear-thinning and Boger fluids, and (b) extensional viscosity as a function of 
extension rate for the same fluids:  Bogerxanthan,  shear-thinning. A Boger fluid with PAA instead of xanthan is shown for reference, . The dashed 
blue line for the Newtonian fluid indicates 3 × shear viscosity.
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component remains; thus, the higher standard deviation for 
the Boger fluids.

The flow during swallowing of the model fluids was evaluated 
using a model of the human throat, the “Gothenburg Throat” 
model (Stading et al. 2019), see Figure 1. The model can mimic 
healthy as well as impaired swallowing by setting the timing 
of opening and closing of the epiglottis, airways and the UES. 
The velocity measurements used in the model have previously 
been evaluated against video fluoroscopy (Qazi et al. 2020) and 
the same type of model fluids by a group of dysphagia patients 
(Nyström et al. 2015). The bolus volume was set to 30 mL which 
is relevant for drinking beverages although patients with se-
vere dysphagia dysfunction would use smaller boluses (Colevas 
et al. 2022). The initial speed of the bolus set to 0.3 m/s is within 
the normal range of typically 0.1–0.5 m/s (Ekberg  2019; Qazi 

et al. 2019). For impaired swallowing the closing of the epiglottis 
was delayed 1 s and the airways and UES were open. Figure 5 
shows the flow of the swallowed fluid bolus during passage 
through the pharynx. Videos in slow motion of the bolus flow 
is found in the Supporting Information and in the Youtube play 
list https://​youtu​be.​com/​playl​ist?​list=​PLqLi​VcF3G​Ky2Cz​3QHIj​
JB9Nv​DY2Zw​Afid&​si=​42BmZ​fqwc5​1osNNj.

The snapshots in Figure  5 show the bolus flow when most of 
the bolus has passed the pharynx, and the most interesting fea-
ture is flow into the airways (aspiration). Water is difficult to 
swallow for a person with dysphagia dysfunction as the flow 
is turbulent and the bolus splits up in droplets. When compar-
ing Figure 5a,b, there is water in the airways for the impaired 
swallowing in Figure 5b, but not in 5a. If the fluid is thickened 
from 1 mPa s of water to 0.15 Pa s with maltodextrin, there is still 

FIGURE 5    |    Snapshots of boluses passing the pharynx of the Gothenburg Throat model during bolus flow in side view (left) and front view (right). 
(a) Healthy swallowing of water, (b) impaired swallowing of water, (c) impaired swallowing of the Newtonian fluid, (d) impaired swallowing of the 
Boger fluid and (e) impaired swallowing of the shear-thinning fluid. The arrows point to fluid entering the airways. The white moving part is the 
epiglottis. Videos of the swallowing events are found in the Supporting Information and in the Youtube play list https://​youtu​be.​com/​playl​ist?​list=​
PLqLi​VcF3G​Ky2Cz​3QHIj​JB9Nv​DY2Zw​Afid&​si=​42BmZ​fqwc5​1osNNj.
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flow into the airways as shown in Figure 5c, which means that 
although higher viscosity, the Newtonian fluid still causes aspi-
ration. When thickening the fluid with maltodextrin and xan-
than (Boger fluid) there is no flow into the airways as shown 
in Figure 5d. The Newtonian and Boger fluids have the same 
shear viscosity, but the Boger fluid is substantially more elastic 
due to the addition of xanthan. Similarly, Figure 5d shows that 
the shear-thinning fluid also prevents flow into the airways. The 
conclusion so far is that both elasticity and shear-thinning are 
helpful to prevent aspiration.

Figure 6 shows the bolus flow of water and the model fluids 
in more detail. The colors denote the velocity of the bolus 
at a specific point along a line from the transducer into the 
pharynx, that is, depth is plotted on the horizontal x-axis. The 
transducer was placed just above the entrance to the trachea. 
Time is on the vertical y-axis, which means that the front of the 
bolus is close to the x-axis and the delayed flow is higher on the 
y-axis. The velocity-time curves are averages of at least three 
measurements.

The fastest flow occurs early in time and close to the wall, which 
also is obvious from the videos of the bolus flow. Figure  6a 
clearly shows that the water bolus breaks up in parts indicated 
by the separated peaks, contrary to the other fluids where the 
bolus is more cohesive.

When comparing the bolus flow of the Newtonian fluid 
(Figure 6b) with that of water (Figure 6a), the Newtonian fluid 
is more cohesive and does not break up in droplets. It is still not 
sufficiently cohesive to prevent flow into the airways. Flow con-
tinues close to the wall over the whole measured period, which 
is in line with the Newtonian character of the fluid.

The Boger fluid (Figure 6c) is spatially more cohesive than the 
Newtonian bolus although flow continues close to the wall. The 
small improvement in cohesiveness is, however, sufficient to 
avoid flow into the airways. The shear-thinning bolus is even 
more cohesive and has less flow over time along the wall, which 
may be explained by the shear-thinning behavior, which results 
in a higher apparent viscosity at low shear rates.

FIGURE 6    |    Velocities of boluses shown by the color scale, of the model fluids along a beamline through the center of the pharynx (see Figure 1), 
for increasing time of flow. (a) water, (b) Newtonian fluid, (c) Boger fluid, and (d) Shear thinning fluid.
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4   |   Bolus Cohesivity

Dimensionless numbers are commonly used in fluid mechanics 
to quantify complex flow behavior and to compare fluids with 
different properties. In this context they can be used to quantify 
the cohesivity of the bolus. Although a loose term, we here relate 
cohesivity to the breakup of the bolus into smaller drops, which 
is a structural definition that has functional implications such as 
increased risk of aspiration. Please note that bolus cohesivity has 
nothing to do with “cohesivity” used in other areas to describe 
stickiness such as for adhesives and in texture profile analysis. 
The main goal of thickening is to slow the flow of the bolus to give 
the impaired physiology time to react. The flow through the phar-
ynx is a complex flow and in addition to slowing the flow, thicken-
ing also affects bolus cohesivity. The forces acting on the bolus are 
viscous, elastic, and inertial in nature, and surface tension plays 
an important role in droplet formation. The relevant parameters 
of the fluid passing through the pharynx are thus viscosity, veloc-
ity, the relaxation time, density, and the surface tension. These 
were determined for the model fluids, and the relaxation times 
were taken from literature, and are presented in Table 1.

The longest relaxation time in the shear-thinning fluid (0.45% 
xanthan) could be estimated from previously published results 
to 0.3–3 s (Berta et  al.  2018; Choppe et  al.  2010). The longest 
relaxation time of the Boger fluid could be estimated from a 
similar system, xanthan in syrup (Zirnsak et al. 1999) where it 
was found to be 0.3–3 s. Compensating for the relatively higher 
viscosity of the syrup system compared to the 50% maltodex-
trin fluid, scaling arguments would push the relaxation times 
more to 0.1–1 s (Sousa et al. 2017). The relaxation time of water 
(here Fun Light) at room conditions is very low, in the order of 
picoseconds. The exact value can be discussed, but for this con-
text it is enough to conclude that it is much smaller than that for 
the model fluids. The addition of the lemonade caused the sur-
face tension to drop from that of water at 20°C of 0.072 N/m to 
0.051–0.058 N/m. The maltodextrin and xanthan may also have 
a small effect.

The Reynold's number predicts whether a flow is laminar or 
turbulent or transitional, that is, a mix between the two. The 
regimes can be expressed in terms of the Reynold's number as 
laminar for Re < 2300, transitional for 2300 < Re < 4000 and tur-
bulent for Re > 4000. All model fluids displayed laminar flow 

and Fun Light transitional which correlates well with the ob-
served flow shown in Figure 5.

The Ohnesorge number is mainly used to analyze free-surface 
flows to predict droplet breakup as when the fluid passes the epi-
glottis where the channel is only partly filled. A low Ohnesorge 
number indicates droplet breakup whereas a high number indi-
cates high viscosity and stable flow resisting breakup. The model 
fluids have similar Ohnesorge numbers due to having the same 
viscosity at 50 s−1 and similar surface tension and densities, as op-
posed to Fun Light where droplet breakup is evident (c.f. Figure 5). 
As the model fluids do not all have the same constant viscosity, 
the Ohnesorge number does not represent the full picture.

The Weissenberg number relates elastic to viscous forces and 
shows a difference between Newtonian as compared to the 
Boger and the Shear-thinning fluids. For Fun Light it is very low 
primarily due to the lack of elasticity. The Weissenberg number 
clearly shows the effect of adding xanthan to the maltodextrin, 
that is, going from Newtonian to Boger behavior, which likely is 
why the Boger fluid does not enter the airways as opposed to the 
Newtonian fluid (Figure 5).

There is no clear indication on bolus cohesivity from a single 
dimensionless number, but by multiplying the two numbers pro-
moting bolus cohesivity, Ohnesorge × Weissenberg and dividing 
by the Reynolds number that impairs cohesivity, a “bolus cohe-
sivity number” could be formed:

As viscous and inertial forces are part of several of the dimen-
sionless numbers, the bolus cohesivity number is linearly depen-
dent on elastic and viscous forces and inversely proportional to 
surface forces and inertial forces squared. Table 1 shows a clear 
difference in the bolus cohesivity number, especially for the 
Boger and Shear-thinning fluids as compared to the Newtonian 
fluid and to Fun Light, and it correlates well with the observed 
differences in fluid entering the airways. A high bolus cohesiv-
ity number means safe swallowing in that aspiration is avoided. 
The physical interpretation of the bolus cohesivity number is 
that it describes how well a bolus keeps together when it is sub-
jected to elastic, viscous, inertial, and surface forces.

(4)Bolus cohesivity number =
Oh xWi

Re

TABLE 1    |    Physical data of the model fluids. A pharynx width of 2.5 cm and velocity of 0.1 m/s through the pharynx were used for calculating the 
Reynolds and Ohnesorge numbers.

Fun Light Newtonian Boger Shear-thinning

Density [kg/m3] 1000 1240 1220 1000

Viscosity at 50 s−1 [Pa s] 0,001 0,15 0,15 0,15

Surface tension [N/m] 0,058 0,052 0,051 0,057

Relaxation time [s] 1E-11 0,001 0,5 1

Reynolds number 2500 21 20 17

Ohnesorge number 0,00093 0,13 0,13 0,14

Weissenberg number 5E-10 0,05 25 50

Ohnesorge × Weissenberg/Reynolds 2E-16 3E-04 0,17 0,42
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5   |   Conclusions

The primary objective for thickening of beverages for dysphagia 
management is to slow down the flow to give the impaired phys-
iology time to react and perform the necessary functions of the 
pharynx, to close the opening to the airways by the epiglottis, to 
keep the breath by closing the vocal cords, and to open the UES. 
A further objective is to alleviate or prevent aspiration. Our re-
sults show thickening can be achieved in several ways, and that 
the mechanism of thickening matters for how effective the fluid 
is to prevent aspiration.

From a nutritional perspective, it may be tempting to thicken 
a fluid with maltodextrin as it is then possible to add much 
energy in the form of carbohydrates yet keeping viscosity at a 
reasonable level. However, the results show that this results in 
a Newtonian fluid, and Newtonian thickening is less effective 
than shear-thinning or elastic mechanisms to avoid aspiration. 
The results further show that adding elasticity (Boger fluid) 
induces cohesiveness to the bolus, thus preventing the aspira-
tion a Newtonian fluid with the same shear viscosity shows. 
Cohesiveness is further improved in the shear-thinning fluid, 
which in addition to the shear-thinning character, also is elastic.

By using a combination of dimensionless numbers for a Bolus 
cohesivity number the cohesivity can be quantified, with a high 
number indicating cohesivity. This is a preliminary hypothesis 
which needs to be evaluated on larger data sets for more fluids, 
but it correlates well with observed cohesivity.

The limited experimental data set should be extended, but the 
results on the important mechanisms are still clear. The set of 
model fluids should also be evaluated sensorily regarding swal-
lowing using panels of older adults who preferably have or can 
detect dysphagia symptoms. From a dysphagia management 
perspective, many of the commercially available thickeners are 
already based on xanthan which is positive, but the results open 
up opportunities for further improvement.

Author Contributions

Mats Stading: conceptualization, investigation, funding acquisition, 
writing – original draft, methodology, validation, visualization, formal 
analysis, project administration, data curation. Johanna Eckardt: 
methodology, writing – review and editing, data curation, investigation.

Acknowledgments

Funding: This work was supported by the Swedish Scientific Research 
Council Formas (grant AC-2024/0018). Ana Miljkovic, Célia Carlier 
and Jan-Willem Benjamins are gratefully acknowledged for assistance 
in the experimental work and Johan Wiklund, Tommy Andersson 
and John Shamu at Incipientus for fruitful discussions and assistance 
with UVP.

Funding

This work was supported by Svenska Forskningsrådet Formas, 
AC-2024/0018.

Ethics Statement

The authors have nothing to report.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Research data are not shared.

References

Barczi, S. R., P. A. Sullivan, and J. A. Robbins. 2000. “How Should 
Dysphagia Care of Older Adults Differ? Establishing Optimal Practice 
Patterns.” Seminars in Speech and Language 21, no. 4: 347–364. https://​
doi.​org/​10.​1055/​s-​2000-​8387.

Benjapornlert, P., H. Kagaya, S. Shibata, et al. 2020. “The Prevalence 
and Findings of Fibre-Optic Endoscopic Evaluation of Swallowing in 
Hospitalised Patients With Dysphagia.” Journal of Oral Rehabilitation 
47, no. 8: 983–988. https://​doi.​org/​10.​1111/​joor.​13026​.

Berta, M., J. Moser, P. Lopez-Sanchez, and M. Stading. 2018. “Modelling 
the Continuous Relaxation Time Spectrum of Aqueous Xanthan 
Solutions Using Two Commercial Softwares.” Transactions of the 
Nordic Rheology Society 26: 183–186.

Boger, D. V. 1977. “Highly Elastic Constant-Viscosity Fluid.” Journal of 
Non-Newtonian Fluid Mechanics 3, no. 1: 87–91.

Brodkorb, A., L. Egger, M. Alminger, et  al. 2019. “INFOGEST 
Static In  Vitro Simulation of Gastrointestinal Food Digestion.” 
Nature Protocols 14, no. 4: 991–1014. https://​doi.​org/​10.​1038/​s4159​
6-​018-​0119-​1.

Burbidge, A. S., J. A. Y. Cichero, J. Engmann, and C. M. Steele. 2016. ““A 
Day in the Life of the Fluid Bolus”: An Introduction to Fluid Mechanics 
of the Oropharyngeal Phase of Swallowing With Particular Focus on 
Dysphagia.” Applied Rheology 26, no. 6: 1–10. https://​doi.​org/​10.​3933/​
applr​heol-​26-​64525​.

Chen, J., and L. Lolivret. 2011. “The Determining Role of Bolus 
Rheology in Triggering a Swallowing.” Food Hydrocolloids 25, no. 3: 
325–332. https://​doi.​org/​10.​1016/j.​foodh​yd.​2010.​06.​010.

Choppe, E., F. Puaud, T. Nicolai, and L. Benyahia. 2010. “Rheology of 
Xanthan Solutions as a Function of Temperature, Concentration and 
Ionic Strength.” Carbohydrate Polymers 82, no. 4: 1228–1235. https://​
doi.​org/​10.​1016/j.​carbp​ol.​2010.​06.​056.

Cichero, J. A. Y., P. Lam, C. M. Steele, et  al. 2017. “Development of 
International Terminology and Definitions for Texture-Modified Foods 
and Thickened Fluids Used in Dysphagia Management: The IDDSI 
Framework.” Dysphagia 32, no. 2: 293–314. https://​doi.​org/​10.​1007/​
s0045​5-​016-​9758-​y.

Colevas, S. M., L. N. Stalter, C. A. Jones, and T. M. McCulloch. 2022. “The 
Natural Swallow: Factors Affecting Subject Choice of Bolus Volume and 
Pharyngeal Swallow Parameters in a Self-Selected Swallow.” Dysphagia 
37, no. 5: 1172–1182. https://​doi.​org/​10.​1007/​s0045​5-​021-​10373​-​6.

Del Giudice, F., S. J. Haward, and A. Q. Shen. 2017. “Relaxation Time 
of Dilute Polymer Solutions: A Microfluidic Approach.” Journal of 
Rheology 61, no. 2: 327–337. https://​doi.​org/​10.​1122/1.​4975933.

Ekberg, O. 2019. Dysphagia – Diagnosis and Treatment, edited by O. 
Ekberg, 2nd ed. Springer International Publishing.

Gallegos, C., M. Turcanu, G. Assegehegn, and E. Brito-de la Fuente. 
2023. “Rheological Issues on Oropharyngeal Dysphagia.” Dysphagia 
38, no. 2: 558–585. https://​doi.​org/​10.​1007/​s0045​5-​021-​10337​-​w.

Hadde, E. K., J. A. Y. Cichero, S. Zhao, W. Chen, and J. Chen. 2019. 
“The Importance of Extensional Rheology in Bolus Control During 
Swallowing.” Scientific Reports 9, no. 1: 16106. https://​doi.​org/​10.​1038/​
s4159​8-​019-​52269​-​4.

James, D. F. 2009. “Boger Fluids.” Annual Review of Fluid Mechanics 41: 
129–142. https://​doi.​org/​10.​1146/​annur​ev.​fluid.​010908.​165125.

 17454603, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jtxs.70107 by C

halm
ers R

esearch - C
halm

ers U
niversity O

f T
echnology , W

iley O
nline L

ibrary on [04/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1055/s-2000-8387
https://doi.org/10.1055/s-2000-8387
https://doi.org/10.1111/joor.13026
https://doi.org/10.1038/s41596-018-0119-1
https://doi.org/10.1038/s41596-018-0119-1
https://doi.org/10.3933/applrheol-26-64525
https://doi.org/10.3933/applrheol-26-64525
https://doi.org/10.1016/j.foodhyd.2010.06.010
https://doi.org/10.1016/j.carbpol.2010.06.056
https://doi.org/10.1016/j.carbpol.2010.06.056
https://doi.org/10.1007/s00455-016-9758-y
https://doi.org/10.1007/s00455-016-9758-y
https://doi.org/10.1007/s00455-021-10373-6
https://doi.org/10.1122/1.4975933
https://doi.org/10.1007/s00455-021-10337-w
https://doi.org/10.1038/s41598-019-52269-4
https://doi.org/10.1038/s41598-019-52269-4
https://doi.org/10.1146/annurev.fluid.010908.165125


10 of 10 Journal of Texture Studies, 2026

Koliandris, A.-L., E. Rondeau, L. Hewson, et  al. 2011. “Food Grade 
Boger Fluids for Sensory Studies.” Applied Rheology 21, no. 1: 1–11. 
https://​doi.​org/​10.​3933/​applr​heol-​21-​13777​.

Lecanu, R., G. Della Valle, C. Leverrier, and M. Ramaioli. 2024. 
“Predicting the Gravity-Driven Flow of Power Law Fluids in a Syringe: 
A Rheological Map for the IDDSI Classification.” Rheologica Acta 63, 
no. 6: 459–469. https://​doi.​org/​10.​1007/​s0039​7-​024-​01449​-​9.

Lecanu, R., K. X. Xu, G. Della Valle, C. Leverrier, A. Izzet, and M. 
Ramaioli. 2026. “The Gravity-Driven Flow of Herschel-Bulkley Fluids 
in a Syringe and the Transition to Dripping.” Physics of Fluids, in press.

McFarland, S., D. M. Leichter, N. Stark, R. J. Gilbert, and M. A. 
Nicosia. 2026. “Experimental and Computational Analysis of Bolus 
Fragmentation During Model Oropharyngeal Swallowing.” Dysphagia 
41, no. 2: 483–492. https://​doi.​org/​10.​1007/​s0045​5-​025-​10899​-​z.

Newman, R., N. Vilardell, P. Clavé, and R. Speyer. 2016. “Effect of Bolus 
Viscosity on the Safety and Efficacy of Swallowing and the Kinematics 
of the Swallow Response in Patients With Oropharyngeal Dysphagia: 
White Paper by the European Society for Swallowing Disorders 
(ESSD).” Dysphagia 31, no. 2: 232–249. https://​doi.​org/​10.​1007/​s0045​
5-​016-​9696-​8.

Nyström, M., W. M. Qazi, M. Bülow, O. Ekberg, and M. Stading. 2015. 
“Effects of Rheological Factors on Perceived Ease of Swallowing.” 
Applied Rheology 6: 40–48.

Nyström, M., H. R. Tamaddon Jahromi, M. Stading, and M. F. Webster. 
2017. “Hyperbolic Contraction Measuring Systems for Extensional 
Flow.” Mechanics of Time Dependent Materials 21, no. 3: 455–479. 
https://​doi.​org/​10.​1007/​s1104​3-​017-​9337-​0.

Qazi, W. M., O. Ekberg, J. Wiklund, R. Kotze, and M. Stading. 2019. 
“Assessment of the Food-Swallowing Process Using Bolus Visualisation 
and Manometry Simultaneously in a Device That Models Human 
Swallowing.” Dysphagia 34, no. 6: 821–833. https://​doi.​org/​10.​1007/​
s0045​5-​019-​09995​-​8.

Qazi, W. M., O. Ekberg, J. Wiklund, R. Mansoor, and M. Stading. 2020. 
“Simultaneous X-Ray Video-Fluoroscopy and Pulsed Ultrasound 
Velocimetry Analyses of the Pharyngeal Phase of Swallowing of Boluses 
With Different Rheological Properties.” Dysphagia 35: 898–906. https://​
doi.​org/​10.​1007/​s0045​5-​020-​10092​-​4.

Sepehri, S., J. Andersson, V. Schaller, C. Grüttner, M. Stading, and C. 
Johansson. 2023. “Remote Sensing of the Nano-Rheological Properties 
of Soft Materials Using Magnetic Nanoparticles and Magnetic AC 
Susceptometry.” Nanomaterials 13, no. 1: 67. https://​doi.​org/​10.​3390/​
nano1​3010067.

Sousa, P. C., E. J. Vega, R. G. Sousa, J. M. Montanero, and M. A. 
Alves. 2017. “Measurement of Relaxation Times in Extensional Flow 
of Weakly Viscoelastic Polymer Solutions.” Rheologica Acta 56, no. 1: 
11–20. https://​doi.​org/​10.​1007/​s0039​7-​016-​0980-​1.

Stading, M. 2021. “Bolus Rheology of Texture-Modified Food: Effect of 
Degree of Modification.” Journal of Texture Studies 52, no. 5–6: 540–
551. https://​doi.​org/​10.​1111/​jtxs.​12598​.

Stading, M., and L. Bohlin. 2000. “Contraction Flow Measurements of 
Extensional Properties.” Annual Transactions of the Nordic Rheology 
Society 8: 181–185.

Stading, M., A. Miljkovic, J. Andersson, and K. Matsuo. 2023. “Bolus 
Rheology of Texture Adjusted Food—Effect of Age.” Journal of Texture 
Studies 54, no. 6: 824–834. https://​doi.​org/​10.​1111/​jtxs.​12789​.

Stading, M., M. Q. Waqas, F. Holmberg, J. Wiklund, R. Kotze, and O. 
Ekberg. 2019. “A Device That Models Human Swallowing.” Dysphagia 
34, no. 5: 615–626. https://​doi.​org/​10.​1007/​s0045​5-​018-​09969​-​2.

Steele, C. M., Q. Liu, H. MacCallum, et  al. 2024. “Validation of the 
IDDSI Funnel for Liquid Flow Testing.” Journal of Texture Studies 55, 
no. 2: e12823. https://​doi.​org/​10.​1111/​jtxs.​12823​.

Wang, J., C. Li, L. Liu, Y. Xia, L. Chen, and F. Zhong. 2026. “The 
Xanthan Gum Oriented for Dysphagia Management: The Influence of 
Rheological and Frictional Properties on Swallowing Characteristics.” 
Food Hydrocolloids 179: 112707. https://​doi.​org/​10.​1016/j.​foodh​yd.​2026.​
112707.

Wiklund, J., I. Shahram, and M. Stading. 2007. “Methodology for In-
Line Rheology by Ultrasound Doppler Velocity Profiling and Pressure 
Difference Techniques.” Chemical Engineering Science 62, no. 16: 4277–
4293. https://​doi.​org/​10.​1016/j.​ces.​2007.​05.​007.

Wikström, K., and L. Bohlin. 1999. “Extensional Flow Studies of Wheat 
Flour Dough. I. Experimental Method for Measurements in Contraction 
Flow Geometry and Application to Flours Varying in Breadmaking 
Performance.” Journal of Cereal Science 29, no. 3: 217–226. https://​doi.​
org/​10.​1006/​jcrs.​1999.​0251.

Zirnsak, M. A., D. V. Boger, and V. Tirtaatmadja. 1999. “Steady Shear 
and Dynamic Rheological Properties of Xanthan Gum Solutions in 
Viscous Solvents.” Journal of Rheology 43, no. 3: 627–650. https://​doi.​
org/​10.​1122/1.​551007.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure 5a Video: Swallowing water, 
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