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Bolus rheology and ease of swallowing of
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Gonzalo Garrido-Bañuelos,b Epameinondas Xanthakisb and
Patricia Lopez-Sanchez *b,c

Preparation of a bolus is a complex process with both food comminution and degree of lubrication with

saliva playing an important role in a safe swallow. Swallowing disorders i.e. dysphagia, are especially

present among the elderly population and often lead to choking and further health complications. The

aim of this research was to investigate the relationship between the perception of ease of swallowing in

the elderly and the rheological parameters of particulated foods, using broccoli purees as a model

system. Particulated foods can be described as a concentrated dispersion of plant particles in a fluid

phase. The effect of the fluid phase (Newtonian vs. shear thinning) and dispersed phase (plant particles

with different size distribution and morphology) on the rheological properties of simulated boli was

studied by characterising shear viscosity, viscoelasticity, yield stress, extensional viscosity and cohesive-

ness. Ease of swallowing and mouthfeel were evaluated by a semi trained healthy elderly panel (n = 19,

aged 61 to 81). Ease of swallowing was correlated with the presence of yield stress and extensional vis-

cosity in the bolus, characteristic of boli with xanthan gum as the fluid phase. Although the properties of

the fluid phase played a dominant role in the ease of swallowing, compared to the dispersed phase, both

components played a role in the rheological properties of the bolus and the perception of ease of swal-

lowing by the elderly panel. These results provide insights into the design of personalised foods for popu-

lations with specific needs such as those suffering from swallowing disorders.

Introduction

Food structure and texture change from the moment food is
chewed and mixed with saliva to form a cohesive mass or
bolus. Due to the dynamic nature of the oral process, bolus
properties determine swallowability to a larger extent than
food properties. Populations with swallowing disorders i.e. dys-
phagia, struggle to consume regular foods, which often leads
to choking and aspirational pneumonia due to food entering
the airway instead of the oesophagus.1 Texture modification of
foods is the most common clinical strategy to aid those
suffering from dysphagia, where solid food is processed to

reduce the particle size in order to eliminate or minimise the
chewing phase during oral processing. Often these foods are
reconstituted with the aid of thickeners to increase the visual
appeal, which also increases the viscosity of the food.
Increasing bolus viscosity reduces the flow of the food during
swallowing, allowing sufficient time for individuals with dys-
phagia to close the airway before the arrival of the bolus,
which they are unable to do with low viscosity boli.2 However,
high viscosity boli may require additional effort to swallow and
could leave residues in the pharynx, which can lead to further
health complications. In addition to high shear viscosity,
other rheological parameters such as extensional viscosity and
viscoelasticity also play an important role in determining ease
of swallowing.3,4 However, there is no single convention with
respect to which rheological properties determine food swal-
lowability, especially for complex systems such as plant-based
particulated foods.

Plant-based particulated foods such as soups, purees, and
smoothies are suspensions of plant particles (cell clusters,
single cells and cell wall fragments) in a fluid phase contain-
ing soluble polymers, organic acid and salts5 The food struc-
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ture of plant-based particulated foods can be designed by
using different processing conditions. For instance, by simply
exchanging the order of thermal and mechanical treatments,
broccoli and carrot purees had different particle shapes, size
distributions and rheological properties.4,5 Among the most
common texturisers added to foods for dysphagia is xanthan
gum, a bacterial polysaccharide produced by fermentation
which has been shown to maintain a coherent bolus during
flow, leading to the perception of easy to swallow.6 Due to its
structural rigidity and rod-like conformation of its linear, cellu-
losic backbone, xanthan behaves rheologically as a non-
Newtonian shear-thinning fluid;7 this means that its viscosity
decreases with increasing shear rate. Furthermore, xanthan
gum presents an apparent yield stress i.e. a minimum stress is
required to flow. The effect of xanthan on the rheological pro-
perties of plant cell wall systems has been previously investi-
gated in carrot suspensions, showing that it depends on the
particle concentration.8 At low concentrations, xanthan
increased the viscoelastic properties of the suspension, whilst
at high concentrations, such as those in reconstituted foods
for dysphagia, xanthan did not show a significant effect, as the
viscoelastic behaviour was dominated by the plant particle
network, with xanthan molecules entrapped in the interstitial
regions.

Understanding bolus rheology is a key parameter in design-
ing foods for dysphagia. Shear viscosity, yield stress, and vis-
coelasticity (G′ and G″) are useful parameters to describe bolus
properties; however, they are not sufficient to describe bolus
behaviour during oral processing. Bolus behaviour under
extensional flow, such as the one in the pharyngeal cavity
during swallowing, is of critical importance to determine
bolus flow and ease of swallowing.9

In this study we used broccoli purees as a model system to
investigate how the different components of plant-based parti-
culated foods, i.e. dispersed and fluid phases, impacted bolus
rheology and ease of swallowing. Suspensions were produced
with two different dispersed phases i.e. different particle size
distributions and morphologies and two different fluid phases
i.e. water as Newtonian fluid and a xanthan solution as shear
thinning fluid. Food boli were produced by mixing the purees
with artificial saliva and analysed for shear and extensional
viscosities, yield stress, viscoelasticity and cohesiveness, and
correlated with the swallowing perception by elderly panellists.
Our results contribute to the knowledge on how food compo-
sition affects bolus rheology and ease of swallowing and would
aid in the design of personalised foods for people suffering
from dysphagia.

Materials and methods
Materials

Broccoli (Brassica oleracea) was purchased from a local super-
market in Sweden and used for sample preparation after a
maximum of 3 days storage at 4 °C. The chemicals and
enzymes used to produce the artificial saliva were: ammonium

carbonate (Sigma-Aldrich, USA), potassium chloride (Merck,
Germany), sodium bicarbonate (Across organics, Spain), pot-
assium dihydrogen phosphate (Merck, Germany), magnesium
chloride hexahydrate (Emsure, Germany), calcium chloride
dihydrate (Merck, Germany), alfa amylase (Sigma-Aldrich,
USA) and mucin from porcine stomach type II (Sigma-Aldrich,
USA). Xanthan gum was purchased from Sigma-Aldrich.

Sample preparation

Each broccoli head was cut into 5–8 cm pieces and the large
stalks of the broccoli were discarded. Broccoli pieces were
cooked using two different methods: heating followed by
blending (HB) or blending followed by heating (BH). For the
HB method, the broccoli was covered with water and cooked at
90 °C (core temperature measured with a thermocouple) for
20 minutes. The broccoli was mixed with water at a mass ratio
of 0.7 : 1 water : broccoli and blended for 3 minutes at
maximum speed in a kitchen blender (TURBO blender,
Moulinex; France). For the BH method, the broccoli was mixed
with water at the same water : broccoli ratio as for the HB
method, blended for 3 minutes and then heated using the
same parameters as the HB method.

The samples were centrifuged for 30 minutes at 4000g
(Centrifuge Universal 320|320 R, Hettich, Germany) and the
pellet was collected from several batches, in order to produce
sufficient broccoli particles for all the experiments.

The pellet obtained from each of the cooking methods (HB
and BH) was mixed with two different fluid phases, resulting
in two sets of samples. The first set was prepared by dispersing
different concentrations of the pellet (1, 2, 4, 6 and 8 wt%) in
water, and the second set by dispersing in 0.5 wt% xanthan
solution at the same concentration as in water. The suspen-
sions were obtained by gently adding the pellet to the fluid
phase and mixing with a magnetic stirrer. The pellet will be
referred to as the dispersed phase throughout the manuscript.

Simulated bolus

Artificial saliva was produced based on the formulation
described by Minekus et al.10 with mucin added (2 g L−1).11 A
bolus was prepared by mixing broccoli suspensions and artifi-
cial saliva at a ratio of 1 : 1 (ref. 10) resulting in final particle
concentrations of 0.5, 1, 2, 3 and 4 wt%.

Dry matter

The measurement of dry matter was carried out with the de-
hydration of pre-weighed samples in a 105 °C oven for 24 h
(UNP 100-800, Memmert, Schawabach, Germany) for 24 hours.
Two replicates were measured.

Light microscopy

Light microscopy was performed using a microscope
(Microphot-FXA, Nikon) equipped with a video camera
(DFK33UX264, the imaging Source Europe GmbH, Bremen
Germany). The samples were diluted 10 times with deionised
water. Two droplets were placed on a glass slide and covered.
The samples were observed with a 10× dry objective lens and

Food & Function Paper

This journal is © The Royal Society of Chemistry 2020 Food Funct., 2020, 11, 8648–8658 | 8649

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

1/
25

/2
02

0 
10

:3
7:

08
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0fo01728k


at least eight images were obtained per sample.
NIS-ElementsD software was used to collect the images.

Particle size distribution

The particle size distribution (PSD) was measured after cen-
trifugation, by laser light scattering (Mastersizer; Malvern
Instruments Ltd, Malvern, UK). A refractive index of 1.53 for
particles and 1.33 for water was used. The particle absorption
index was set to 0.01. The particle size distribution was calcu-
lated from the intensity profile of the scattered light using the
instrument software (Mastersizer 3000). The volume based
(d4,3) and area based (d3,2) diameters were obtained for every
sample.

Rheological measurements

Rheological measurements of shear viscosity, viscoelasticity
and yield stress were performed on a strain-controlled rhe-
ometer (ARG2, TA Instrument, USA) using 40 mm diameter
parallel plates. Paraffin oil was added at the edge of the
sample and a solvent trap was used to prevent the sample
from drying during the measurements. Measurements were
performed at a gap of 1 mm and a temperature of 35 °C to
mimic biological conditions in the oral cavity. Samples were
held in the rheometer for 2 minutes, to ensure that the
samples had equilibrated to 35 °C, prior to the measurement.
The shear viscosity was measured using a steady state flow
sweep by increasing the shear rate from 1 s−1 to 100 s−1.
Viscoelastic properties were measured by using frequency
sweeps from 10 to 0.1 Hz and a 0.1% strain selected from the
linear viscoelastic region. From these measurements, the
elastic modulus G′ and viscous modulus G″ were obtained.
Apparent yield stress was measured by the dynamic stress/
strain sweep method, in which the elastic G′ and viscous
moduli G″ were measured as a function of the oscillation
stress at a frequency of 1 Hz and a strain range between 0.01
and 300%. The apparent yield stress was obtained using
TRIOS v.5.0 software (TA instruments, USA) to analyse plots of
the storage modulus vs. oscillation stress. The used function
creates two tangents to the curve and finds their intersection,
the onset point, and the corresponding oscillation stress is
selected as the apparent yield stress. Three replicates were
measured.

Extensional viscosity

Extensional viscosity was measured at room temperature using
a hyperbolic contraction flow geometry12 mounted on an
Instron testing instrument (5542 Instron Corporation, Canton,
MA, USA), where the samples were forced through a hyperbolic
nozzle and the pressure drop over the nozzle was measured.
Measurements were performed using a die with an inlet radius
of 10 mm and outlet radius of 0.83 mm, imposing a total
Hencky strain of 8–10 to the samples. The extensional strain
rates were in the range of 10 to 120 s−1, and the extensional
viscosity was obtained as described previously.12,13 Extensional
viscosity of a simulated bolus containing only 0.5 wt%
xanthan gum mixed with artificial saliva to a final concen-

tration of 0.25 wt% was used as a reference. Three replicates
were measured.

Cohesiveness

Cohesiveness of the different broccoli samples was determined
with a Powder Flow Tester (PFT Powder Flow Tester, Brookfield
Engineering Laboratories – Ametek Inc., USA) using the experi-
mental methods described by Tobin et al.14 and Slettengren
et al.15 with some modifications. A vane lid was used in the
PFT measurements of the flow functions of the samples. The
flow function tests were undertaken using the 263 cm3 volume
shear cell. The standard flow function test program was used
to measure the flow properties over the range of 4 major prin-
cipal consolidation stresses in a geometric progression that
generated values up to 3.5 kPa. The PFT was connected to a
computer and Powder Flow Pro V1.2 software was used to
collect the data. The flow functions of the broccoli samples
represent the average values of at least 2 independent
measurements.

The ratio of the consolidation stress σ1 and unconfined
yield strength σc defines the flowability ffc (eqn (1))15

ffc ¼ σ1
σc

ð1Þ

High flowability (ffc > 10) means that the sample is free-
flowing, and low flowability (ffc < 1) means that the sample is
non-flowing. When the flowability is determined at several
consolidation stresses, it can be presented in a flow function
plot.

Sensory evaluation

Descriptive sensory analysis was used to characterise the
mouthfeel and ease of swallowing of broccoli suspensions.
Four samples (6 wt% broccoli suspension, with HB or BH as
the dispersed phase and water or xanthan as the fluid phase)
were evaluated by 19 healthy panellists (14 females, 5 males)
aged between 61 and 81 years (with an average age of 71). The
panellists were selected from RISE’s (Research Institutes of
Sweden) consumer database, and most of the panellists had
previously participated in sensory trials of different types of
foods at RISE.

One product familiarisation session was held for 1 hour
prior to sensory evaluation of the samples. The list of sensory
attributes was prepared based on previous studies.16–19 During
the familiarisation session, the protocol and the different
sensory attributes were explained and discussed with the
panellists to ensure that they were familiar with the samples
and the vocabulary used to define the sensory attributes.
Reference samples were also evaluated to understand the
scales for rating the attributes.

Formal sessions were conducted in the sensory laboratory
of RISE Research Institutes of Sweden, in isolated booths
equipped with computers, temperature control (22 °C) and
daylight equivalent. Samples were served in opaque plastic
cups, with each panellist receiving a 20 mL sample of each
sample. Samples were randomised and presented with a three-
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digit code. Panellists were instructed to use a full 5 mL spoon
to evaluate the various attributes of the samples.

The sensory attributes were rated on a 5 point categorical
scale with 1 = low and 5 = high. The sensory vocabulary, defi-
nitions and sensory reference standards were described as
follows:

•Difficulty in swallowing: The attribute of ease of swallowing
was rated as difficulty in swallowing, where 1 would indicate
that there was no difficulty in swallowing i.e. easy to swallow
and 5 would indicate that the sample was not easy to swallow.

•Effort required to swallow: Effort required to prepare the
bolus for swallowing from low (no effort) to high (a lot of
effort).

•Mouth-coating: Sensation of a layer forming on the surfaces
of the mouth, from low (water) to high (cream).

•Particle size perception: The proportion of large particles
felt on the oral surfaces of the mouth compared to small par-
ticles, from low (not many large particles) to high (a lot of
large particles).

•Smoothness: The velvety feeling of the sample in the
mouth, from low (water) to high (potato puree).

•Residues in mouth: The ease at which the sample clears
from the mouth after swallowing. From easy to clear to very
difficult to clear.

All the sensory attributes were evaluated using three spoon-
fuls of samples and the following protocol. The first spoonful
was to rate the ease of swallowing. The panellists were
instructed to consume and swallow the sample naturally and
to start the timer as they put the puree in their mouth and
stop the timer once the puree was swallowed. With the second
spoonful the panellists were instructed to compress and rub
the sample with the tongue against the palate and rate the
attributes of smoothness and particle size sensation. The third
spoonful was used to rate mouth coating, and effort required
to prepare the bolus for swallowing. After swallowing the third
spoonful, they were asked to rate residues in mouth. The
sensory data were collected using EyeQuestion v.3.8.6, Logic 8
BV software.

Statistical analysis

Panel performance was assessed using XLSTAT panel perform-
ance software to assess discrimination power. Sensory scores
of each attribute were analysed by two-way analysis of variance
ANOVA, with the sample and panellist (and their interactions)
as the variation sources. A statistically significant difference
was defined as p < 0.05. If a significant difference in means
was indicated by the ANOVA, comparisons were performed
using Tukey’s honest significant difference (HSD) test. Sensory
data were also analysed by Principal Component Analysis
(PCA). All these analyses were performed with XLSTAT statisti-
cal software (Addinsoft, New York, NY, USA).

The relationship between the sensory attributes and the
different rheological parameters was explored throughout the
use of Partial Least Squares Regression (PLS) and Hierarchical
Cluster Analysis (HCA) using SIMCA 16.0.1.7928 software
(Sartorium Stedim Data Analytics AB – Malmö, Sweden).

Results
Dispersed phase properties

Fig. 1 shows that processing conditions impacted both the par-
ticle size distribution and particle morphology of the broccoli
suspensions, resulting in samples with high polydispersity.
The particle size determined from dynamic light scattering
measurements showed that particles obtained from the heat
and blend process (HB) had a smaller average particle size and
broader particle size distribution, compared to the blend and
heat (BH) process which was characterised by a larger average
particle size and narrower particle size distribution. The
average d4,3 (volume weighted mean) was 221.3 µm and
409.7 µm for HB and BH, respectively. The average d3,2
(surface weighted mean) was 90.5 µm and 199.5 µm for HB
and BH, respectively.

Particles in the HB samples were characterised by clusters
of cells separated by the middle lamella leading to smooth sur-
faces; in contrast particles from the BH process were larger
clusters of cells with regions of cells broken across the cell wall
leading to rough surfaces. These results are in agreement with
previous work,5 which also showed that smaller particles were
obtained from the HB process; during the heating step the
pectin from the middle lamella is depolymerized resulting in
reduced cell adhesion, causing the tissues to be disrupted
through the middle lamella during blending, whereas in the
BH process, disruption could occur across the middle lamella
or through the cell walls, resulting in clusters with broken cell
wall fragments on the surface.

The total solid content of the HB and BH samples was 5.4 ±
1.1 wt% and 5.2 ± 0.7 wt% respectively. After centrifugation, as
expected, the total solid content of the pellet from both
samples increased to 8.4 ± 0.5 wt% and 8.3 ± 0.1 wt% for HB
and BH, respectively. The average pH of the samples was 6.2 ±
0.1.

Rheological properties of simulated bolus

Shear viscosity. Fig. 2 shows the shear viscosity of the simu-
lated bolus with different concentrations of the dispersed
phase. These results can be separated into two concentration
regimes: diluted (<1% dispersed phase) and intermediate
(≥1% dispersed phase) concentration. The presence of these
concentration regimes in the simulated bolus samples has
been previously described in suspensions of apple cell
materials,20,21 where the authors also identified a third region
in which a viscosity plateau was measured as the concentration
increased. These three regions are commonly observed in sus-
pensions of deformable particles. As can be seen from Fig. 2,
the shear viscosity was higher for simulated boli with xanthan
gum as the fluid phase, compared to those with water. At low
concentrations (<1% dispersed phase), both HB and BH boli
had similar viscosities, indicating that in the dilute regime the
shear viscosity was dominated by the fluid phase. As the dis-
persed phase concentration increased to >1%, the effect of the
dispersed phase started to have a significant effect. The shear
viscosity started to increase exponentially with increasing con-
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centration of dispersed phase, indicating the beginning of the
intermediate concentrate region. HB boli showed higher vis-
cosity than the BH boli at the same concentration, for both
water and xanthan samples. The log–log plots of shear vis-
cosity vs. concentration (wt%) in the intermediate concen-
tration were fitted to a power law. The exponent n values for
boli in water were 6.4 (R2 = 0.99) and 2.4 (R2 = 0.99) for HB and
BH respectively, whereas in xanthan gum the n values were
lower, 3.1 (R2 = 0.94) and 1.9 (R2 = 0.99) for HB and BH,
respectively, indicating that the viscosity increased faster in

HB water boli with increasing particle concentration.
Exponents of 2.5–8 have been previously reported for suspen-
sions of apple particles.20,21

The viscosity of a suspension depends on the viscosity of
the fluid phase and the particle phase volume. Therefore, it is
expected that the bolus containing xanthan as the fluid phase,
and the bolus in which particles pack in a less efficient
manner, would have higher viscosities. In this case, this behav-
iour corresponds to HB samples. In the dilute region, no par-
ticle network can be created, and the viscosity is dominated by
the fluid phase. In the intermediate region, the dependency on
the concentration is more pronounced in the HB particles
than BH particles, probably due to the differences in mor-
phology of the particles and how they pack together, but also
due to the chemical composition of the particles and their
interactions with artificial saliva. The viscosity was higher in
xanthan than the water samples, but this difference seemed to
be reduced as the total particle concentration increases
(especially for HB samples) to 4 wt%. At this concentration the
viscosity was dominated by the particles and not the fluid
phase as both HB samples in water and xanthan showed
similar shear viscosities. Hemar et al.8 reported similar effects
in rehydrated cell wall particle mixtures suspended in xanthan
solution. They found that at low particle concentration, the
suspension behaved as a dispersion of cell particles in a fluid
phase of xanthan and that the resulting rheological properties
were dominated by xanthan. At high particle concentrations,
the xanthan molecules were confined to the interstitial space
and thus contributed only marginally to the rheological pro-
perties. In a food bolus, saliva can act as a lubricant or a
binder for the food particles. The results from this study
suggest that the addition of artificial saliva to the samples
with water could have a particle binding effect whilst in
samples with xanthan, that effect was less apparent.

Fig. 1 Particle size distribution of the dispersed phase obtained by exchanging the order of thermal and mechanical treatments, heating followed
by blending (HB) and blending followed by heating (BH). Arrows indicate regions of broken cell walls in the cell clusters of BH particles.

Fig. 2 Shear viscosity as a function of concentration (wt%) in simulated
bolus prepared with two types of dispersed phase, HB and BH, and two
fluid phases, water and xanthan gum solution (0.5 wt%). Viscosity was
selected at a shear rate of 40 s−1. Plots represent the average and the
standard deviation of three measurements. The dashed line marks the
limit between dilute and intermediate concentration regions.
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Broccoli suspensions with a particle concentration of 6 wt%
and added artificial saliva (corresponding to a bolus with
3 wt% particle concentration after dilution with artificial
saliva) presented a macroscopic aspect of vegetable purees.
Therefore, 6 wt% broccoli suspensions were selected for
sensory evaluation and further rheological characterisation
was carried out with a 3 wt% simulated bolus to represent a
potential bolus in the mouth.

Fig. 3 shows shear viscosity vs. shear rate curves for boli at
3 wt% concentration of HB and BH particles suspended in
water and xanthan solution. At this concentration the boli
showed shear thinning behaviour, especially for samples con-
taining xanthan solution as the fluid phase.22 Shear thinning
behaviour has been proposed to be more appropriate for safe
swallowing, because the flow of the bolus is reduced during
swallowing, which allows time for the airway to be closed.

Viscoelasticity. All boli at 3 wt% particle concentration
showed a predominant solid-like behaviour G′ > G″ (Table 1).
The storage and loss moduli were lower in samples with water
as the fluid phase than xanthan. Samples with water as the
fluid phase had similar G′ and G″ independent of the type of
dispersed phase (Table 1). However, in boli with xanthan as
the fluid phase, the dispersed phase had a significant effect
with the BH dispersed phase sample showing higher visco-
elastic moduli than HB samples (Table 1). These results indi-

cate that the presence of xanthan in the boli led to a stronger
and more elastic network, in particular in combination with a
BH dispersed phase; suggesting that the binding effect of
xanthan remains even after mixing with the artificial saliva.
Parameters such as the particle shape, aspect ratio and surface
roughness influence the particle packing and the interactions
between particles, under rest and flow conditions, and deter-
mine rheological properties.23 The rheology of a dispersion of
plant particles has both an elastic component and a viscous
component.5,24 Viscous effects are due to the viscosity of the
fluid phase (both its flow and lubrication between particles),
as well as friction between particles which touch and slide
over one another. The BH samples in xanthan had a higher G″
value than HB samples, whilst in water both types of samples,
BH and HB, showed similar viscous modulus. This suggests
that in BH samples with xanthan additional friction between
particles or particles and xanthan molecules could play a role.
For the dispersions to display an elastic modulus, under rest, a
percolating network of particles must exist and the particles
must not be free to slide past one another under small strains,
but instead must deform in order to accommodate the
imposed strain.25 The interactions between particles can be of
various forms, for example steric interactions (particles cannot
overlap), electrostatic forces (attractive or repulsive), adhesion
from attached (hydrated) polymer chains or van der Waals
forces. Consider that the BH particles having rough surfaces
with attached cell wall fragments (Fig. 1) would lead to an
increase in this type of interaction increasing G′, compared to
HB samples in which particles could overlap easier and
adhesion forces will be less likely due to their smooth surfaces.
Previous studies25 indicated that dispersions of plant particles,
at low concentrations, are dominated by particle interactions
due to asperities or to weak attractive interactions, which lower
the critical particle packing fraction (other than steric repul-
sion of smooth, elastic bodies). As the concentration is
increased above the elastic modulus will increase, and the par-
ticles are likely to be increasingly deformed, even when there
is no imposed strain. It is also possible that the dominant
interaction supporting the network may change. Interactions,
via physical entanglements and perhaps other attractive forces
such as electrostatic interactions, might play a role in the
increase G′ of BH samples compared to HB samples. However,
it should also be considered that the particle size and particle
size distribution are different in both samples and therefore
the combination of all these parameters will result in different
rheological properties.

Fig. 3 Shear viscosity as a function of shear rate for bolus containing
3 wt% total solids showing shear thinning behaviour. Values represent
average of three measurements and standard deviation.

Table 1 Viscoelastic moduli obtained at 1 Hz and 0.1% strain and apparent yield stress of simulated bolus containing 3 wt% broccoli particles.
Values represent the average of three measurements. Different letters in the same column indicate significant difference (Tukey’s test, p < 0.05)

Elastic modulus G′/Pa Viscous modulus G″/Pa Apparent yield stress/Pa

Heat and blend in water 15.44 ± 3.40a 1.78 ± 0.40a 0.05 ± 0.01a

Heat and blend in xanthan 53.60 ± 10.83b 13.90 ± 3.40b 0.40 ± 0.11b

Blend and heat in water 12.08 ± 2.01a 1.86 ± 0.37a 0.03 ± 0.02a

Blend and heat in xanthan 354.52 ± 74.01c 76.96 ± 11.34c 0.74 ± 0.25b
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Extensional viscosity. Boli with water as the fluid phase
showed no detectable extensional viscosity, independently of
the type of dispersed phase, whilst both HB and BH samples
with xanthan as the fluid phase showed extensional viscosity.
Hence Fig. 4 only shows the extensional viscosity of simulated
boli containing xanthan solution as the fluid phase with a par-
ticle concentration of 3 wt%. The observed extensional vis-
cosity in the boli containing xanthan is likely due to the align-
ment of xanthan molecules in extensional flow. Both HB and
BH boli showed extensional-thinning behaviour over the exten-
sional strain rates used. The extensional viscosity values for
HB and BH boli were similar; however, at low extensional rates
HB showed slightly higher extensional viscosity compared to
BH. The stretchability of a bolus could play an important role
in triggering swallowing and has been previously shown to be
correlated with ease of swallowing of different food systems.2

Apparent yield stress. Apparent yield stress values for each
of the boli are summarised in Table 1. At 3 wt% all boli
showed a very low apparent yield stress with a high standard
deviation, most likely due to the heterogeneity of the boli. Boli
with xanthan gum as the fluid phase showed an apparent yield
stress one order of magnitude higher than boli with water.
Apparent yield stress values of HB and BH boli with xanthan
as the fluid phase were 0.40 ± 0.11 Pa and 0.74 ± 0.25 Pa,
respectively. These values are lower than those previously
reported for xanthan solutions.6 The yield stress of 0.3 wt%
xanthan has been reported to be 1.5 Pa.6 However, in this
study, the yield stress of 0.25 wt% xanthan with saliva was 0.19
± 0.05 Pa, and for the boli with xanthan ranged from 0.4–0.7
Pa. The lower values obtained in this study could be due to a
number of reasons: difference in the methodology used to
obtain the apparent yield stress data, different types of

xanthan and the presence of ions in the saliva which could
have interacted with xanthan molecules. The yield stress is the
stress at which flow begins and is related to the degree of the
internal binding force and the structural order. Particle pro-
perties such as size, size distribution, shape, surface rough-
ness and charge all impact the packing of the particles, result-
ing in the presence of an apparent yield stress.26 Therefore,
the yield stress can be regarded as a measure of the cohesive-
ness of a bolus and has been related to ease of swallowing.27

Despite the low yield stress values, our results suggest that
broccoli purees prepared with xanthan could be perceived as
easier to swallow, as they have higher yield stress/cohesiveness
in the bolus.

Cohesiveness. In this research cohesiveness refers to the
internal strength of compacted material and is linked to flow-
ability by the degree of deformation and destruction of the
material when mechanical load is applied.6,14 Subsequently a
highly cohesive material would be more difficult to flow.
Cohesiveness was measured objectively using a ring shear
tester, a method commonly used for powders which has been
previously shown to be able to measure flowability of particu-
lated foods at different moisture contents.14 However, this
method has limitations in high moisture food systems. Due to
this limitation cohesiveness of samples with solid concen-
trations below 8 wt% could not be measured, as there was
phase separation, i.e. separation of the fluid phase and broc-
coli particles, during the consolidation of the sample. As can
be seen from Fig. 5, all 8 wt% broccoli suspensions were very
cohesive or cohesive. BH samples showed higher cohesiveness
than HB samples at all the applied consolidation stresses. In
HB samples the fluid phase did not significantly influence
cohesiveness; however, in BH samples, addition of xanthan
seemed to increase the cohesiveness in comparison with the
water samples. This behaviour results from different inter-
actions between the broccoli particles and the fluid phase.
This is because the fluid phase can act as a binder or a lubri-
cant depending on the amount added. These results suggest
that the properties of BH particles (larger in size and with
broken cell walls on the surface) could be the reason for

Fig. 5 Flowability regions for broccoli suspensions with 8 wt% solids
and different fluid phases. Results represent average and standard
deviation.

Fig. 4 Extensional viscosity as a function of the extension rate for a
3 wt% concentration boli made from different processing methods and
xanthan as the fluid phase. Extensional viscosity of a simulated bolus
containing 0.5 wt% xanthan gum mixed with artificial saliva to a final
concentration of 0.25 wt% xanthan is used as a reference. Values rep-
resent average and standard deviation of three measurements.
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higher cohesiveness in BH samples compared to HB (smaller
particles with smooth surfaces) samples. This observation sup-
ports the yield stress and moduli data (Table 1), where BH boli
had a higher yield stress than HB boli, with xanthan as the
fluid phase in both samples. However, in food samples, the
dispersed phase seemed to be the determinant factor for cohe-
siveness and not the fluid phase. Correlation between yield
stress and cohesiveness has already been suggested by Ross
et al.28 for thickened fluids. This is because a cohesive bolus
does not fracture during swallow27 and can be consumed
easily. Mechanical cohesiveness is a synonym of the internal
binding force that contributes to the formation of a coherent
bolus. Hence, the relationship between objective measure of
cohesiveness and yield stress to sensory perception of ease of
swallowing needs to be investigated further.

Sensory evaluation

Table 2 summarises the results from the sensory evaluation of
the broccoli purees. The fluid phase (water or xanthan) had a
greater influence on the perception of ease of swallowing than
the dispersed phase (HB vs. BH). Samples with xanthan as the
fluid phase were perceived as less difficult to swallow i.e. easier
to swallow and required less effort to prepare to swallow than
those with water. However, the dispersed phase did impact the
swallowing perception, as HB samples were easier to swallow
and required less effort to prepare the bolus for swallowing
than BH suspensions regardless of whether a thickener was
added or not. This could be related to the fact that HB
samples were perceived to have a smaller particle size, which
is in agreement with the particle size measurements (Fig. 1).
The type of dispersed phase had an important impact on the
perceived particle size. HB samples were perceived as having a
small particle size compared to BH samples. Previous studies
have shown that concentrated plant-based suspensions with
the softest and smallest particles lead to smooth textures;29

however, in our study the panellists were not able to perceive
significant differences in smoothness. This could be because
the particle size ranged from 30 to 400 µm in the previous
study, whereas in this study the size range was narrower (200
to 400 µm). Furthermore, in the previous study the average age
of the panel was 48 years and in our study the panellists were
older with an average age of 71 years. In general all the
samples were rated in the middle-upper part of the smooth-
ness scale, suggesting that dispersion of plant particles with
sizes in the range of 200 to 400 µm is not perceived as grainy,

which is in agreement with the conclusions from the study by
Appelqvist et al.29

Samples with xanthan as fluid phase left fewer residues in
the mouth and were less mouth coating compared to samples
with water; this was especially perceived in the case of BH
samples. In general, samples prepared with xanthan as the
fluid phase were perceived very similarly to each other, inde-
pendently of the type of dispersed phase. It is worth noting
that the panellist could discriminate among the samples with
different fluid phase but not among the dispersed phase
within the xanthan samples, except for the ease of swallowing.

The PLS model was built introducing the sensory attributes
as X variables and the rheological parameters as Y variables.
As illustrated in Fig. 6A, the distribution of the samples along
F1 (94.1%) is driven by the type of fluid used whereas the type
of processing drives F2 (5.27%). HCA analysis unveiled two
different groups in which BH in water was found to be
different from the other three samples (HB water, BH xanthan
and HB xanthan). These results are also strongly supported by
the statistical differences in individual sensory attributes
shown in Table 2. Thus, although the final characteristics of
the samples are driven by the fluid phase, their perception was
the result of the combination of the disperse and the fluid
phase.

To assess which variables better describe the entire PLS
model, a Variable Importance in Projection (VIP) plot (Fig. 6B)
was generated. The VIP plot highlights the most important X
variables (sensory attributes) describing the difference
between samples in relation with Y variables (rheological para-
meters). Residues in mouth and particle size perception were
found to be the sensory parameters to better represent the
model. The perception of residues in mouth showed corre-
lation with the particle size (0.61). Therefore, the larger the
particle size, the greater the perception of residues in mouth.
Mouth-coating showed a negative correlation with the exten-
sional viscosity. The lower the extensional viscosity of the
sample, the higher the mouth-coating sensation as it occurs
for samples with water as a fluid phase. The more cohesive
nature of the samples with xanthan would reduce the coating
of oral surfaces.

Difficulty in swallowing had a high negative correlation
with yield stress (−0.71) and especially with extensional vis-
cosity (−0.92). This indicates that the higher the yield stress
and extensional viscosity, the easier it is to swallow a bolus, as
it was observed for xanthan samples. Furthermore, the higher
the extensional viscosity and shear viscosity of the sample, the

Table 2 Mean scores of sensory attributes using a 5 points categorization scale, where 1 = low and 5 = high. Different letters in the same column
indicate significant differences (Tukey’s test, p < 0.05)

Difficulty in
swallowing

Effort required to prepare
to swallow

Residues
in-mouth Mouth-coating

Particle size
perception Smoothness

Heat and blend in water 2.95ab 2.11ab 2.53b 3.21ab 1.79b 3.21a

Heat and blend in xanthan 1.90c 1.74b 2.26b 2.42b 1.47b 3.32a

Blend and heat in water 3.68a 3.05a 3.79a 3.68a 3.21a 2.47a

Blend and heat in xanthan 2.37bc 2.05b 2.47b 2.68b 2.11b 2.74a
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lower the effort required to swallow (−0.73 and −0.72 respect-
ively). More detailed information regarding the relationship
between the different variables is described on the correlation
matrix (ESI Table S1†).

Conclusions

In this research we have investigated the contribution of the
dispersed and fluid phase to the ease of swallowing of particu-
lated foods during oral processing. We used broccoli suspen-
sions as model systems and a food bolus was mimicked by
mixing suspensions with artificial saliva. Our results indicate
that the fluid phase has the highest impact on the perception

of ease of swallowing, compared to the type of dispersed
phase. Although the mouthfeel and ease of swallowing per-
ceived during oral processing were driven by the fluid phase,
they were the result of the combination of both the disperse
and the fluid phase. This is likely due not only to the pro-
perties of the fluid phase itself, but also to how it interacts
with the particles and affects the way they pack together in the
bolus, leading to specific rheological properties. These find-
ings support the hypothesis that the presence of yield stress
and extensibility in the bolus, achieved by addition of xanthan
as fluid phase, leads to particulated foods perceived as easy to
swallow. In addition, suspensions with a broader particle size
distribution and smaller particle size were easier to swallow,
with good agreement between particle size measurements and

Fig. 6 (A) PLS bi-plot representing the distribution of the broccoli suspensions (HB water, HB xanthan, BH Water, BH xanthan) according to the
relationship between sensory attributes and rheological properties. (B) VIP plot for the corresponding PLS model.
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particle size perception by the panel. The results highlight the
importance of understanding the role of fluids and dispersed
phase of complex food systems to design personalised foods
with optimal sensory properties for specific populations such
as those suffering from swallowing disorders.
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