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6.  EATING DIFFICULTY

Takahashi and Nakazawa 141) introduced a method to ex-
amine the chewing behaviour: a small pressure transducer 
was inserted into an artificial tooth to record the force from 
the first bite until the stage of swallowing without interfering 
with the normal occlusion of the teeth. Although this method 
is useful to quantify the chewing activity, it cannot be used 
for persons with all his/her own teeth.

Eating difficulties were classified according to the 
symptoms and possible causes (Table VI).

Sensory evaluation is useful for this problem. Chen and 
Lolivret 100) categorized the eating difficulty based on the res-
idence time of ingested food. Their panelists were instructed 
to judge the eating difficulty by the length of residence time 
as mentioned above 174).

Hayakawa et al. 175) examined the eating difficulty using 
twenty model food gels, such as ι-carrageenan, κ-carrageen-
an, mixture of κ-carrageenan and locust bean gum (LBG), 
low acyl gellan, low methoxyl pectin, mixture of LBG and 
xanthan (XG), gelatin, agar, high acyl gellan. These model 
gels have a wide range of textural characteristics, firmness, 
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cutting effort, elasticity, extensibility, adhesiveness, melting 
rate in the mouth, and eating difficulty. Based on principal 
component analysis, they concluded that resistance to frac-
ture and stickiness and flexibility are critical eating difficulty 
factors. Gelatin-based gels are perceived as less firm and less 
hard than expected based on their mechanical properties 
compared to polysaccharide gels that have the same mechan-
ical properties at room temperature but melt well above body 
temperature, underlying the importance of the measurement 
temperature for gels that melt during mastication.

Eating difficulty of gels of 5 % gelatin and its mixture 
with konjac glucomannan (KGM) (0.5, 1, 2 %) and LBG (0.5, 
1, 2 %) were studied and compared with rheological proper-
ties by Tomczynska-Mleko et al. 176). Eating difficulty was rat-
ed as follows: Hardness (+2 very hard, +1, 0, −1, −2 very 
soft); Difficulty of chewing (+2 very difficult, +1, 0, −1, −2 
very easy); Slipperiness or stickiness (+2 very slippery, +1, 0, 
−1, −2 very sticky); Difficulty of swallowing (+2 very diffi-
cult, +1, 0, −1, −2 very easy). Panelists judged gels with high 
content of LBG difficult to chew and swallow because these 
gels were perceived sticky. Sticky gels stick to the teeth and 
the hard palate, and thus could not be located at the right posi-
tion to be fractured. Eating difficulty of gelatin/KGM (konjac 
glucomannan) mixed gels was studied by the same group 177) 
who found that these mixed gels in the presence of sucrose 
maintaining the melt-in-mouth showed no difficulty although 
the mixed gels without sucrose showed the difficulty caused 
by the increase in stickiness with increasing KGM.

Brenner et al. 41) studied the correlation between the ex-
trusion force of the same polysaccharide gels except gelatin 
gels used in the study of Hayakawa et al. 175) with a syringe 
shown in Fig. 41 not exactly the same as used in IDDSI (The 
International Dysphagia Diet Standardisation Initiative) ex-
trusion and the sensation of difficulty in swallowing.

Brenner et al. 41) expected that oral perception will cor-
relate better with extrusion, a large deformation process in-
volving both normal (extensional) and shear deformations, 
than it does with a conventional and instrumental texture pro-
file analysis (TPA), which usually involves only uniaxial 
compression. Brenner et al. 41) tried to find a correlation be-
tween the sensory evaluated firmness, cutting effort, extensi-
bility with instrumentally measured TPA engineering fracture 
stress, TPA engineering fracture strain, TPA 90 %-strain en-
gineering stress, TPA cohesiveness, storage Young’s modu-
lus, maximum extrusion pressure from the syringe, extension 
fracture stress from ring extension, extension fracture strain 
from ring extension, normalized displacement to penetration, 
puncture fracture stress. Taking into account that human per-
ception must saturate at very high stimuli, and not be present 
at physical stimuli below the sensitivity threshold, the senso-
ry score “S” could be assumed to be a sigmoid function

S = Amin +  (1)

where X is a physical property, C1 and C2 are fit parameters, 
and Amin and Amax are the minimum and maximum scores of 

Amax − Amin

1 + exp (C1 + C2X)

Table VI   Eating difficulties of elderly people, possible causes and suggested 
solutions 173).

Fig. 41  Experimental setup for extrusion test. A syringe is pushed down by a 
plunger of a texture analyser 41).
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the sensory score scale, respectively. Combining this type of 
equation, the high correlation was found; the ratio of the ex-
trusion force (stress) to the Young’s modulus correlated high-
ly with the sensory extensibility; and a logarithmically 
weighted average of the extrusion force (stress) and the 
Young’s modulus correlated highly with the sensory firm-
ness. Since these results were obtained for a wide range of 
the texture from very brittle to very ductile, further develop-
ment is expected. Brenner, Tomczynska-Mleko, Mleko & 
Nishinari 178) found that gelatin gels deviated from such a 
good fit obtained for polysaccharide gels at room tempera-
ture, and attributed it to the lower melting temperature of gel-
atin; the correlations, obtained using instrumental tests per-
formed at a temperature far below body temperature, are not 
valid when the texture is strongly temperature-dependent 
over the temperature range covering the body and test tem-
peratures. This is in line with Clark 179) (2002) and Bayarri, 
Rivas, Costell, & Duran 180) who reported higher sweetness 
intensity or higher diffusion coefficient of sweeteners in gels 
with lower melting temperatures. The sensory cutting effort 
(close to the widely used definition of sensory hardness) and 
extensibility (the degree to which the food can be deformed 
without fracture) were found well predicted by instrumental 
parameters from the extrusion test for gels containing kappa- 
and iota- carrageenans, KGM and XG 178).

Another slip extrusion test (SET) in which the foods 
with wide range of texture were extruded in the nylon-poly-
ethylene bag (70 microns thick) by peristalsis and flow driv-
en by pulling the bag through the two rollers 183). Peristalsis of 
boli by two rollers was also used 181) and further developed by 
the same group to take into account the wettability and de-
formability of the pharyngeal mucosa 182).

In the SET test 183), foods were moved from a wider part 
to a narrower one of the bag, and the resistance to deforma-
tion and the resistance to slip were recorded. Ng et al. 182) 
claimed that this SET could measure the rheological proper-
ties with wide range; xanthan solutions (1–2 %w/w), glass 
beads ballotini dispersed in 0.1 % xanthan, where xanthan 
solution in mixture ranged from 0 to 50 %, gelatin cuboid 
gels containing sugars, and citric acid with different hard-
ness. Deformation resistance and slip resistance were mea-
sured for these model foods as a function of viscosity for 
xanthan solutions, hardness for gelatin gels, xanthan sol con-
tent in glass ballotini dispersion. Further, deformation resis-
tance and slip resistance for peanut boluses with different 
number of chews were measured. The authors are trying to 
establish the criteria for a safe to swallow bolus based on SET.

It was shown that xanthan solutions displayed the most 
suitable oral cohesiveness relative to their perceived oral pro-
pulsion effort, stickiness, and oral residue compared to starch 

Table VII Parameters used for correlation analysis 41).

Fig. 42   Average scores of sensory attributes for all thickened fluid samples 
on 0-100 anchored sliding scale (0 = least intense, 100 = most in-
tense). XG-0.4, xanthan gum 0.4 %w/v; STF-4.0, modified tapioca 
starch ST(modified tapioca starch) used in the text 184) as confirmed 
by Ross.
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or carboxymethyl-cellulose solutions 184) (Fig. 42). Highly 
shear-thinning fluids with a yield stress are expected to have 
beneficial flow properties when used as therapeutic interven-
tions to improve swallowing safety and efficiency in consum-
ers with dysphagia.

Oral cohesiveness, propulsion effort, stickiness, and 
oral residue were defined in Table VIII 184).

These are consistent with previous findings 67) that xan-
than solutions were more cohesive with higher yield stress 
than locust bean gum solutions, and attributed this to the 
smaller internal binding force in locust bean gum due to the 
lack of the intermolecular associations, leading to the ab-
sence of ordered structure and to decreased score of sensory 
cohesiveness. Nakauma et al. 67) showed that mechanical co-
hesiveness is a synonym of the internal binding force that 
contributes to the formation of one coherent bolus 38). Sensory 
evaluations 67) corroborated the acoustic measurements of the 
swallowing process.

It was shown that highly shear-thinning fluids such as 
xanthan gum solutions had lower intensities of perceived 
stickiness, adhesiveness and mouth coating, and the smaller 
residue sensation after swallow based on the comparison of 
fifteen different hydrocolloids 111). It was also found that con-
centrated xanthan solutions displayed greater slipperiness 
than less shear thinning guar gum and carboxymethyl cellu-
lose solutions when fluids are squeezed between the tongue 
and the hard palate 185). The slipperiness of xanthan solutions 
was pointed out as mentioned above in relation with Fig. 24 
showing the flow velocity and shear rate in the syringe barrel 
and at the nozzle-end orifice 110).

As mentioned before on the timing of swallow 51), the 
identification of the time at which the cohesiveness becomes 
maximum poses some questions. From the viewpoint of dif-
ficulty for oral processing, liquids with low viscosity seem to 

be easier to be swallowed. The hypothesis of the maximum 
cohesiveness for the triggering of swallowing was questioned 
because swallowing muscle is required to work harder to 
transport the bolus to the posterior region of oropharynx 100). 
In this study 100), the oral residence time of 28 fluid foods with 
varying viscosities from 0.001 to 100 Pas at the shear rate 
from 1 to 100 s −1, were evaluated by 19 panelists (average 
29 years old). It was shown that the liquids with low viscosi-
ty showed a shorter residence time in the oral cavity, indicat-
ing that thicker boli were perceived difficult to be swallowed. 
Chen et al. 100) thought that appropriate flow-ability is required 
for triggering swallow. Although the sensory difficulty of 
swallowing and the shear viscosity are positively correlated, 
a better correlation between the sensory difficulty of swal-
lowing and the force or the work of fluid stretching was 
found 100). It was believed reasonable because the length of the 
bolus was increased, highly stretched and extensional defor-
mation became dominant in the pharyngeal phase though 
shear deformation was dominant in the oral phase 186).

A simultaneous measurement to evaluate the eating dif-
ficulty of two gruel samples, zengayu (common gruel) and 
fukkuraokayu (less adhesive/sticky gruel) was performed 187). 
Six healthy panelists evaluated these two gruel samples, each 
5 g gruel at 60 °C. Larynx motion was found faster in the 
early phase of swallowing of fukkuraokayu, and suprahyoid 
musculature was found less active for swallowing of fukkura-
okayu. These findings suggested that fukkuraokayu could be 
swallowed more easily than common gruel.

Sticky rice cake (mochi) made from glutinous rice is 
known to be difficult to bite it off and causes sometimes 
choking accidents, and has been causing death in elderly or 
children in Japan. Therefore, texture-modified rice cakes are 
produced adding non-glutinous rice flour or high amylose 
starch. Simultaneous measurement mentioned above was ap-

Table VIII   Sensory attribute descriptions and assessment methods used by the trained sensory panel, and their relevance 
to common swallowing impairments 184).
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plied to rice cake as shown in Fig. 43 188).
Kohyama et al. 188) interpreted these detected signals as 

follows: suprahyoid musculature, swallowing sound, and the 
upper and middle pressure sensors (the upper sensor 3 and 
the middle sensor 2 in Fig. 40c 157) (Part 1 of the this review)) 
showed no signals before swallowing, but the lowest pressure 
sensor (the lower sensor 1 in Fig. 40c) exhibited a positive 
pressure because it was pressed by the mound of the thyroid 
cartilage. After the commencement of swallowing, suprahy-
oid electromyography (SH EMG) began to appear, caused by 
the tongue motion moving the bolus from the oral cavity to 
the oropharynx. Then, the pressure detected at the lower sen-
sor 1 decreased, and the pressure at the middle sensor 2 and 
the sensor 3 increased to show a peak. This sequence corre-
sponded to the elevation of the larynx. After the swallowing 
which was seen by the disappearance of the sound and SH 
EMG activity, the upper sensor 3 and the middle sensor 2 
showed the second peak respectively, and the lower sensor 1 
was found to increase again to the initial level. Kohyama et 
al. 188) compared the mastication behaviour for sticky rice 
cake and a modified rice cake, Yawaraka Fukumochi made 
from non-glutinous rice, with a lower firmness and a higher 
water content. They reported that the number of chewing and 
mastication time were smaller in 3 g than 9 g amount and 
similar between 3 g of standard rice cake and 9 g of Yawaraka 
Fukumochi, but SH EMG amplitude during mastication was 
lower in 3 times the amount of Yawaraka Fukumochi. The 
swallowing parameters, SH EMG amplitude and activity, 
swallowing sound, upper and middle pressure sensor, swal-
lowing period were not significantly different in both types of 
rice cakes. Since their subjects were 11 healthy persons, it 

was suggested that the swallowing was induced when the bo-
lus properties were perceived suitable for swallowing as the 
healthy subjects could adjust their mastication behaviour 
when the food amount and the properties were changed 188). 
Since it is dangerous to use disadvantaged panelists, it is not 
possible to conclude that the above mentioned Yawaraka 
Fukumochi is safe for frail persons, but quantitative measure-
ments based on SH EMG have never been done before.

A light and flexible motion sensor (Fig. 44) detecting 
the laryngeal movement during swallowing was fixed on the 
larynx which did not inhibit the natural eating 189). Laryngeal 
movement was monitored by tracing the thyroid cartilage 
(so-called Adam’s apple). Li et al. 189) identified 7 time points 
in the electric waveform and its first and second derivative 
from the comparison with the simultaneously observed vid-
eofluorograph (VF).

Combining EMG during squeezing model soft gels be-
tween the tongue and the hard palate and acoustic analysis of 
swallowing sound, Funami et al. 190) discussed the eating dif-
ficulty could be evaluated in conjunction with sensory analy-
sis. The thyroid cartilage movement during swallowing of 
thickened liquids was monitored 191) using a bendable pressure 
sensor synchronously with suprahyoid electromyography, 
and the relation between this thyroid cartilage movement and 
the sensory evaluation was examined. The negative correla-
tion between the thyroid cartilage movement and the cohe-
siveness of liquids was found because more coherent liquids 
required less activity of thyroid cartilage. It is also consistent 
with findings that the shorter time required for bolus to trans-
fer through the pharynx corresponded to the perceived swal-
lowing ease, in line with Fig. 28c 66, 67) (Part 1 of this review). 
The shorter time for passage was attributed to one coherent 
flow of bolus during swallowing 67).

This method was applied to examine the relation between 
texture sensation with laryngeal movement in swallowing 192). 

Fig. 43   Typical swallowing recordings for a sticky rice cake (9 g). Upper 
figure, electromyographic (EMG) activity of suprahyoid (SH) mus-
cle; middle, pressure detected by sensors installed at upper, middle 
and lower region at thyroid cartilage; lower, swallowing sound 188).

Fig. 44   Bend senor detecting the laryngeal movement. A) A thin flexible 
membrane, B) Electric resistance changes with mechanical defor-
mation (bending). This change is larger for larger bending angle 189).
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Figure 45 shows the laryngeal movement, suprahyoid muscu-
lature activity, and tongue activity during water swallowing.

Nine boluses made from polysaccharide gels with dif-
ferent rheological properties were used 192). All 9 boluses con-
sisted of ca 370 small cubic gels (each 3 mm × 3 mm × 3 mm) 
equivalent to the mass of 10 g, which was served by a spoon 
into the mouth of 9 male subjects (average 30 years old) by 
an experimenter. Subjects were instructed to hold the bolus in 
the oral cavity for 3 s, and then swallow at one time without 
chewing and to score hardness, bolus uniformity, and swal-
lowing ease as textural perception during swallowing on the 
Visual Analog Scale (VAS). Since the thyroid cartilage or hy-
oid movement in female subjects was difficult to detect, sub-
jects were limited to male. Since the same research group 
reported that the average size of particle in bolus just before 
swallowing was 1.34 mm × 1.34 mm × 1.34 mm 193), they 
tried to make the model bolus consisting of the cubic gel 
(1.34 mm × 1.34 mm × 1.34 mm), but it was difficult and the 
bolus consisting of 370 small cubic gels (each 
3 mm × 3 mm × 3 mm) was used 192). In addition, this size has 
been a matter of debate for a long time. It has been generally 
accepted that particle size in the bolus just before swallowing 
was larger for soft and deformable particles than for harder 
and non-deformable ones as mentioned before 38, 125).

In the sensory evaluation, the hardness was related to 

the texture perception caused by the contact between the 
small cubic gels and the pharynx during swallowing while 
the instrumental hardness (TPA hardness) was determined at 
90 % compression. TPA hardness can be associated with the 
stress produced at the inner pharynx wall when the bolus 
passes through the stenosis of the pharyngeal phase during 
swallowing, thus resulted in high correlation with perceived 
hardness. TPA hardness for the model boluses was found to 
increase as the fracture force increased when compared 
among the gel samples of equivalent fracture strain, while 
apparent tendency was not observed for either TPA adhesive-
ness or TPA cohesiveness.

Among all the variables, the highest correlation with 
perceived hardness was found in the suprahyoid musculature 
activity detected by EMG, whereas the highest correlation 
with perceived bolus uniformity and with perceived swallow-
ing ease was found in the duration of swallowing (T2 to T6 in 
the laryngeal movement) and in the tongue activity (from 
tongue pressure measurement), respectively. These 3 vari-
ables showed relatively high correlation with all textural per-
ception.

7.  VISCOSITY IN THE SWALLOWING

Let’s examine the role of the liquid viscosity in the 

Fig. 45   Waveform from synchronous measurements of the laryngeal movement monitored by bending sensor shown in 
Fig. 44, suprahyoid muscular activity detected by EMG, and tongue pressure detected by a sensor sheet shown 
in Fig. 35 (Part 1 of this review) during human swallowing of water (10 g) at one time. The time point at which 
the second-order differential curve (acceleration) deviates from the baseline (i.e. the point at which the larynx 
begins to accelerate upward) is defined as T2, and the time point at which the second-order differential curve 
converges on the baseline (i.e. the point at which the accelerated descent of the larynx ends) was defined as T6. 
For the laryngeal movement, the time from T2 to T6 was defined as the duration of swallowing. The difference 
in the signal from the baseline of the signal waveform to the maximum descent point (T5) was defined as the 
maximum bending degree of the sensor, the time from T2 to T5 as the duration of the laryngeal elevation, the 
time from T5 to T6 as the duration of the laryngeal descending, and the area of the signal waveform during the 
duration of swallowing (from T2 to T6) as the laryngeal activity 192).
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swallowing again. As mentioned above, the risk of aspiration 
could be reduced by increasing the viscosity. However, ex-
cessive thickening reduces the palatability and the intake of 
fluids leading to dehydration and malnutrition 194, 195). In addi-
tion, the excessive thickening may form residues 26, 196, 197) at 
the epiglottis vallecula or pyriform sinus, which subsequent-
ly may cause the aspiration. In addition, the excessive thick-
ening may cause choking as in the rice cake or konjac jellies 
as discussed earlier in the introduction.

Effects of viscosity of gums/starch thickener on the 
safety and efficacy of swallow are shown in Fig. 46 for four 
different subject groups; older, head and neck cancer (HNC), 
Parkinson’s disease, chronic post stroke.

The upper figure shows that the probability of safe swal-
low increased with increasing viscosity of the thickeners con-
sisting of xanthan gum and modified starch. The minimum 
viscosity tested (250 mPas) showed a significant therapeutic 
effect vs. thin liquid for all the four groups studied and it in-
creased until the maximum viscosity assessed (2000 mPas) 
achieving higher than 90 % of safe swallows in older, 

Parkinson’s and stroke groups and 75 % in head and neck 
cancer patients. However, no significant differences were 
seen between 1000 mPas and 2000 mPas for each group 
compared individually. Therefore, the threshold viscosity of 
safety was 250 mPas, and maximal viscosity was 1000 mPas. 
In other words, it is necessary to increase the viscosity at least 
above 250 mPas, and it was not effective to increase the vis-
cosity further above 1000 mPas. Head and neck cancer group 
showed the worst achievement 198).

The middle and the lower figure of Fig. 46 show the 
probability of residues remained in the oral region and pha-
ryngeal region, respectively. Again, the head and neck cancer 
group showed the worst achievement: the pharyngeal residue 
was highest among the four groups.

Figure 47 shows the shear rate dependence of three 
thickener solutions of xanthan gum and guar gum with differ-
ent molar masses 199). Lower molar mass guar gum solution 
showed a Newtonian plateau at lower shear rates while xan-
than gum solution shows a shear thinning behavior as has 
been reported by many research groups. The apparent shear 
thickening found in a xanthan solution was not found when 
the shear rate was decreased from 1000 to 0.03 s −1 as was 
shown in Fig. 4 of the paper 199). Three solutions were pre-
pared so that the viscosity shows the same value at the shear 
rate 50 s −1, which is widely used as the shear rate in the oral 
cavity although the complete consensus was not reached 200).

Figure 48a shows a videofluorograph (VF) for a patient 
who aspirated all the three solutions. Although all the three 

Fig. 46　  Percentage of patients who could swallow safely (upper), percent-
age of patients with oral residue (middle), percentage of patients 
with pharyngeal residue (lower) as a function of the viscosity of 
thickeners 198).

Fig. 47   Sher rate dependence of the viscosity for Sample 1 (G1, black 
square), 2.0 wt % guar gum solution stirred at room temperature for 
10 h, then heated at 75 °C for 1 h; Sample 2 (G2, red circle), 2.6 wt% 
guar gum solution stirred at room temperature for 10 h, then heated 
at 75 °C for 1 h and sterilized at 121 °C for 20 min. Sample 3 (X2, 
green triangle), 4.1 wt% xanthan solution stirred at room tempera-
ture for 10 h, then heated at 75 °C for 1 h and sterilized at 121 °C for 
20 min 199).
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solutions were aspirated, the amount of the aspiration was the 
lowest for the xanthan solution.

Figure 48b shows VF for another patient. No aspiration 
was found in X2, which has the highest viscosity at lower 
shear rates. A huge amount of aspiration was observed for G1 
and a moderate aspiration was observed for G2. Since 
η(X2) > η(G1) > η(G2) at lower shear rates. It seems that the 
viscosity at lower shear rate is important. But, this explana-
tion is not valid between the difference in G2 and G1, and 
further study is needed. One possible reason is that the high 
viscosity solution at lower shear rate is difficult to swallow 
when compared in the same guar solution, as has been com-
mented by healthy subjects.

Figure 48c shows VF for another patient. No aspiration 
was observed in G1. Small amount of aspiration was ob-
served for both G2 and X2. No reasonable explanation for 
this was found yet.

In summary, it was shown that the degree of aspiration 

depended on the degree of shear thinning of polysaccharide 
solutions. This study showed the possibility to find what kind 
of fluid induces the aspiration and to reduce the risk of aspi-
ration in dysphagic patients by controlling the food rheology.

Analysis of the total 32 cases revealed that the ratio of 
aspiration was in the following order: X2 (▲): 4/32 < G1 
(■): 5/32 < G2 (●): 7/32. Since the viscosity at lower shear 
rates were in the following order, η(X2) > η(G1) > η(G2), the 
probability of the aspiration was found lower for the solution 
with a higher viscosity at lower shear rates.

However, if the solution with higher viscosity at lower 
shear rates was safer, the VF shown in Fig. 48b which showed 
a huge aspiration for G1 than for G2 could not be explained 
by this logic. Figure 48c showing no aspiration for G1 and a 
small aspiration for G2 and X2 also could not be explained in 
the same way. Further study is needed.

Microgels have been found versatile for rheological 
control of food 201-203). Recently, the suitability of agar micro-
gels was examined 204). Zhang et al. 204) reported that the stor-
age modulus was higher than the loss modulus at an angular 
frequency range from ω = 1 to 100 rad/s and both moduli are 
increasing only slightly with increasing ω as is widely found 
for structured liquids (previously called weak gels) (Fig. 49). 
In addition, the slope of the double logarithmic plot of the 
modulus and ω was smaller for agarose microgels than for 
xanthan solutions indicating the former is more solid-like 
than the latter at the equivalent concentrations.

The value of moduli for agar microgels (2000 Pa for 
1 % agar microgel) reported 204) was about four times larger 
than that for agarose microgels (500 Pa for 1 % agarose mi-
crogel) reported 205). Lower moduli of agarose microgels re-
ported by Ghebremedhin et al. 205) could probably be attribut-
ed to the slower cooling rate, longer shearing time at a higher 
shear rate in comparison with the production condition of 
Zhang et al. 204). It should be also reminded that agaropectin 
does not necessarily lower the gelling ability of agarose when 
coexisting 206, 207).

Thus, agar microgels are expected to be useful for 

 G1 G2 X2

Fig. 48a   Videofluorograph of a patient who aspirate all the three solu-
tions 199).

 G1 G2 X2

Fig. 48b   Videofluorograph of a patient. No aspiration in X2, which has the 
highest viscosity at lower shear rates. η(G2) > η(G1) at higher 
shear rates although η(G2) < η(G1) at lower shear rates 199).

 G1 G2 X2

Fig. 48c   Videofluorograph of a patient. No aspiration in X2, which has the 
highest viscosity at lower shear rates. η(G2) > η(G1) at higher 
shear rates although η(G2) < η(G1) at lower shear rates 199).

Fig. 49   Storage and loss moduli of agar microgel (AMG) with the concen-
trations (0.2 %, 0.5 %, and 1.0 %) (Left) and xanthan gum (XG) 
solutions with the concentrations (0.5 %, 1.0 %, and 2.0 %) (Right), 
as a function of angular frequency ω at constant stress 1 Pa and at 
20 °C 204).
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dysphagia diet because they showed quite a high modulus 
(Fig. 49) as well as yield tress (not shown here, see Fig. 2 of 
Zhang et al. 204)) than xanthan solutions at the same concentra-
tion although it is necessary to examine the effect of saliva on 
the cohesiveness, and the coexisting nutritional compounds. 
The efficacy of agar microgels is shown in Fig. 50.

Let us remind some fundamentals of viscosity of poly-
mer solutions. Most liquid foods are non-Newtonian. The 
most commonly used models to represent the non-Newtonian 
fluid behaviour are power law, Bingham, Herschel-Bulkley 
(Fig. 51) and Casson.

It is necessary to take into account the shear rate depen-
dence when we see the effect of viscosity. Figure 52 shows 
the viscosity of 2 % hydroxyethyl methylcellulose with dif-
ferent Mw in 0.01M NaNO3 solution as a function of shear 

rate. The lower shear rate viscosity, called zero shear viscos-
ity, increases with increasing molar mass of hydroxyethyl 
methylcellulose 210, 211).

Figure 53 shows the shear rate dependence of the steady 
shear viscosity of 0.5 % guar gum degraded by an enzyme 
β-mannanase. With increasing reaction time of enzymatic deg-
radation, the polymer was degraded into a lower mass sample. 
Thus, this shows a similar tendency as the previous Fig. 52.

A Cross model is widely used to analyse such a shear 
rate dependence of polymer solution:

    =  (2)

where, η0 and η∞ represent the viscosity at very low and very 
high shear rates respectively, K has the dimensions of time, 

η − η∞

η0 − η∞

1
1 + (K͘γ) m

Fig. 50   VF images of swallowing agar microgel of patients suffering from three different diseases (a) cerebral infarc-
tion, (b) ependymoma, (c) cerebral infarction. Left to right numbers from 1 to 3 indicates three stages, 1, Oral 
phase; 2, pharyngeal phase; 3, esophageal stage. No aspiration was found in all three patients 204).

 1, Oral phase 2, pharyngeal phase 3, esophageal stage

Fig. 51   Model flow curves commonly used to analyze the viscosity of vari-
ous fluids. The yield stress determination depends on the drawing of 
the tangent as shown 208, 209).

Fig. 52   Shear rate dependence of the viscosity of 2 % hydroxyethyl methyl-
cellulose with different Mw in 0.01 M NaNO3 solution 211).
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and m is dimensionless. When this model is used to describe 
non-Newtonian liquids, the degree of shear thinning is dictat-
ed by the value of m, with m tending to zero describes more 
Newtonian liquids, while the most shear-thinning liquids 
have a value of m tending to unity 213).

Shear rate dependence of the viscosity of guar gum solu-
tions with different concentrations was shown to fit well to 
the Cross model (Fig. 54).

Figure 55 shows the shear rate dependence of the vis-
cosity for different thickened liquids at different levels of liq-
uid consistency categorized by IDDSI viscosity level: (a) 
IDDSI level 1, (b) IDDSI level 2 and (c) IDDSI level 3. For 
each IDDSI, the concentration of each liquid was selected to 
have similar viscosity at shear rate 50 s −1. The thickener solu-
tions used are prepared from xanthan, maltodextrin, guar 
gum, tara gum etc. All these observed curves were fitted well 
by Cross model.

The relation between the perceived thickness Th and the 
instrumentally measured viscosity ηN has been studied exten-
sively. For various Newtonian liquids such as syrup, honey 
and guar gum solutions, a linear relation between log Th and 
log ηN was found while that relation for “weak gels” (fluids 
with yield stress. The name “weak gels” was retracted later 
by one of namers) such as tomato ketchup and xanthan dis-
persions deviated from the linear relation and the perceived 
thickness Th was found lower than that for the other 
Newtonian fluids 216). Morris 216) found a high correlation be-
tween Th and complex viscosity η* at 50 rad s −1 and inter-
preted this result as Th was closely related with unbroken 
network characterized by η* rather than ηN where the net-
work was destroyed in making the measurement 216). On the 
other hand, the possibility that sensory panelists may not 
swallow immediately when asked to evaluate the thickness as 

Fig. 54   Shear rate dependence of the viscosity of guar gum aqueous solu-
tions at different concentrations (40 °C). The full lines represent the 
calculated values according to the Cross equation 214).

Fig. 55   Flow curves of different thickened liquids showing shear viscosity as a function of shear rate for different levels of 
liquid consistency (a) IDDSI level 1, (b) IDDSI level 2 and (c) IDDSI level 3. For each IDDSI, the concentration of 
each liquid was selected to have similar viscosity at shear rate 50 s −1. TUC (Xanthan gum (33 %), maltodextrin (66.4 %), 
KCl (0.6 %)), TIC (Xanthan gum, maltodextrin, ascorbic acid), QT (Xanthan gum, maltodextrin, dextrose, Ca3(PO4)2), 
SP (Guar gum (100 %)) PT (Tara gum, maltodextrin, CaCO3)

 215).

Fig. 53   Viscosity of 0.5 wt% guar solution as a function of shear rate plotted 
at different periods during enzymatic degradation. The reaction is 
run at ambient temperature and pH of 7. The concentration of 
β-mannanase is 0.0002 units/mL polymer solution 212).
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in the situation of wine tasting. In such a situation, the fluid 
may stay quiescently before being swallowed, and thus Th 
would be perceived at low strains.

As mentioned above, the comparison of the complex 
viscosity and steady shear viscosity is sometimes useful to 
understand the structural difference of fluids. When the com-
plex viscosity η* = G*/iω as a function of angular frequency 
ω, and the steady shear viscosity η as a function of shear rate 
dγ/dt are plotted, the so-called Cox-Merz plot, both viscosi-
ties have been found to coincide for many flexible polysac-
charide solutions. When the complex viscosity and the steady 
shear viscosity do not coincide, it may mean that the micro-
structure at the relaxed state is destroyed by shear force. 
Xanthan solutions don’t obey the Cox-Merz rule because of 
its weak network structure while guar gum solutions have 
been shown to obey the Cox-Merz rule. However, other 
groups did not find that guar gum solution obeyed the Cox-
Merz rule. Therefore, it is necessary to check carefully the 
validity of this rule 209).

The relation between the perceived thickness Th and the 
instrumentally measured viscosity ηN of Newtonian fluids 
(corn syrups) has been studied using 60 normal volunteer 
participants, aged 21-84 years 217). Smith et al. 217) found the 
power law exponent β in Th ~ ηN

 β ca. 0.33 for both oral per-
ception and oropharyngeal perception. This value agreed 
well with previously obtained by Christensen and Casper 218) 
irrespective of sensory modalities: 0.34 for oral, 0.39 for vi-
sual, and 0.35 for tactile judgments. Smith et al. 217) found the 
decrease in the exponent with the age as expected and report-
ed, consistent, for example, with the decrease in the tongue 
pressure 6).

Recently, another method of analysis using a model that 
Th was proportional to the shear stress σ perceived at the sur-
face of the tongue when the fluid was squeezed between the 
tongue and the palate during the transportation process of the 
ingested fluid to the posterior part of the mouth 219). Deblais et 
al. 219) analysed the flow of power law fluids between two rig-
id plates representing the tongue surface and the hard palate 
assuming that fluid is a power law fluid with the consistency 
parameter κ and the power law index n. When the bottom 
plate (tongue) moves at a speed V relative to the top (palate) 
to deform the trapped liquid, the shear stress σ is given by

σ = κV� nh0 −n �1 + 
(n + 1) FN h0 n + 1 V  1 − n

2πnκR 4  t�

n
n + 1

, (3)

where h0 is the initial gap between the tongue and the upper 
part of the oral cavity, R is the radius covered by the liquid 
product on the tongue, FN is the lingual force, and t is the 

characteristic time needed for assessment (i.e. the residence 
time for the liquid product during the sensory test). Deblais et 
al. 219) examined whether the relation between the thickness 
Th and stress σ followed the power law proposed by Stevens; 
Th = A�σ b or the logarithmic dependence of Weber-Fechner; 
Th = A log(σ). Fluids used were bouillon soup with various 
concentrations with negligible yield stress. Including previ-
ous data 220), Deblais et al. 219) found that the relation between 
Th and σ was described well by Weber-Fechner for these 
power law fluids (Fig. 56).

All these authors 219, 220) stressed that further study is 
needed to take into account the presence of the yield stress 
when the above analysis is extended to more complex fluids.

In the study of the effect of bolus rheology on swallow-
ing, most rheological measurements have been done using 
torque detection rheometer with a narrow gap geometry of 
parallel plate, cone plate and coaxial cylinder. These mea-
surements have been useful to characterise quantitatively the 
rheological properties, but not applicable for inhomogeneous 
foods such as porridge, fruit jellies or jams containing fruit 
fragments when particle size exceeds 1mm. An ultrasonic 
spinning velocity (USV) profile method has been developed 
and applied to such inhomogeneous foods. Figure 57 shows a 
typical setup of USV 221, 222).

Since the fluid contacting the wall moves with the same 
velocity of the wall and the central point does not move, the 
velocity component uθ = uξr/Δy is given by uθ (r = R, t) = Uwall 

sin(2πft) and uθ (r = 0, t) = 0, where the velocity of the wall 
Uwall is given by Uwall = 2 πf�R�Θ, Θ is the oscillation angle 
amplitude and f is the frequency. Rheological properties of 
three different jellies made from LMP (low methoxy pectin) 

Fig. 56   Relation between subjective thickness Th and stress σ on the tongue 
as calculated 218,  219). The black continuous line indicates a logarith-
mic dependence (Weber-Fechner’s law), while the black dotted line 
shows a power law-dependence (Stevens’ law) 219).
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source mixed with milk at different mixing ratios 1) 2:1; 2) 
1:1; 3) 1:2 (Fig. 58) were observed by both conventional rhe-
ometer detecting torque and USV.

In the Fig. 59 (a)-(c), the shear stress first showed an 
overshoot as has been observed widely in simple yield stress 
fluids 224). When the stress reached a certain value, the strain 

increased without increasing stress showing a plateau, which 
may be ascribed to slippage. Due to the presence of viscous 
component, a phase lag occurs between the stress and strain. 
Assuming a Maxwell element (a series combination of a 
spring and a dashpot), and performing Fourier transform, 
Yoshida et al. 223) obtained the flow curves, shear stress - shear 
rate curves, at each instant as shown in Fig. 60.

Although the gradient of the double logarithmic plot of 
shear stress-shear rate at terminal stage (tf0 = 1800–1900) 
was lowest for milk: source = 1:2 mix (Fig. 60(d)), this sam-
ple showed a higher stress at earlier stage (Fig. 60(c)). The 
larger shear stress observed locally at the lowest shear rates 
in the earlier period for milk: source = 2:1 mix (Fig. 60(a)) 
was found similar to typical flow curves observed in shear 
banding fluids 225). The decrease in the shear stress at earlier 
stage (tf0 = 0–4) for milk: source = 1:1 mix (Fig. 60b) showed 
the structure break down. These transient flow curves were 
not reported by conventional rheometers and could be ob-

Fig. 59   Rheological evaluations by the steady rotational tests with a parallel plate rheometer for three 
different jellies made from LMP with milk shown in Fig. 58: (a)-(c) shear strain rate controlled 
measurements and (d)-(f) shear stress controlled measurements; gray and black curves represent 
flow curves obtained after being left at rest for 1000 s and immediately after the preshearing. 
Note that although the ordinate is the shear stress in (d)-(f), it is the independent variable, and the 
abscissa shear rate is dependent variable 223).

Fig. 58  Photographs of three different jellies made from LMP with milk 223).

1) milk: LMP source = 2:1 2) milk: LMP source = 1:1 3) milk : source = 1:2

Fig. 57   Concept of ultrasonic spinning rheometry (a) top view of the rotat-
ing cylinder. US-TDX, ultrasonic transducer. The ultrasonic veloci-
ty profiling (UVP) measures the velocity component uξ parallel to 
the ultrasonic propagation line ξ at each measurement point on the 
line. Azimuthal velocity component uθ = uξr/Δy is uθ (r = R, t) = Uwall 

sin (2πft), uθ (r = 0, t) = 0, Uwall = 2π 2fRΘ/180 222, 223).
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served by USP.
In addition to these inhomogeneous food materials, rhe-

ological properties of curry paste 226) and rice porridge 227) have 
been reported by the same group. This emerging method USP 
is promising, and, needs verification and validation with sen-
sory evaluation to assess how the measurement can be useful 
and effective for describing ease of swallowing.

8.  YIELD STRESS IN THE SWALLOWING

Steady shear viscosities of xanthan and LBG solutions 
with different concentrations were compared 67). The yield 

stress was determined as the maximum in the plot of the elas-
tic stress (= storage modulus × strain) vs. strain (Fig. 61). 
While xanthan gum solutions showed such a maximum, LBG 
solution did not show such a maximum because the former is 
a so-called weak gel or structured liquid while the latter is a 
common normal polymer solution without such a structure. A 
similar tendency was reported recently for xanthan, car-
boxymethylated curdlan (CMCD) and konjac glucomannan 
(KGM); when the elastic stress plotted against strain, xanthan 
and CMCD showed a maximum while KGM did not show 
such a peak 228).

The yield stress and yield strain for xanthan gum 

Fig. 60   Flow curves at different oscillating cycles; (a) milk: source = 2:1 mix, (b) milk: source = 1:1 mix, 
and (c) milk: source = 1:2 mix, and (d) terminal flow curves at tf0 = 1800–1900 in each test ma-
terial, with the oscillation frequency, amplitude, temperature, and the maximum angular velocity, 
f0 = 1.0 Hz, Θ = π/3, T0 = 15 °C, and Uwall = 477 mm/s, respectively 223).

Fig. 61   Elastic stress (storage modulus multiplied by strain) of xanthan gum and locust bean gum solu-
tions at 20 °C plotted as function of strain. The yield stress and strain were estimated from the 
maximum point in the curve (Nakauma et al.  67)).
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solutions with different concentrations are shown in Table IX. 
While the yield stress increased, the yield strain decreased 
with increasing concentration of xanthan gum.

Yield stress is sometimes not well understood. Yield 
stress is a minimum stress above which the material begins to 
flow, and can be measured by extrapolating the shear rate to 
zero in the plot of stress vs shear rate 209, 229). The yield stress 
determined by this procedure is called dynamic yield stress. 
When the shear rate is increased from zero, the yield stress 
which is given by the intercept in the plot of stress vs shear 
rate is called static yield stress. For thixotropic materials, 
some structure is formed during the time when the stress is 
kept zero, and thus the static yield stress is found larger than 
the dynamic yield stress. Barnes 230) was skeptical about the 
existence of the yield stress saying that everything flows. He 
showed that there is a viscosity plateau for four fluids, tooth 
paste, Carbopol (CMC solutions), tomato puree, and mayon-
naise. According to him, the yield stress marks a transition 
between two fluid states that are not fundamentally different 
- but with very different viscosities (Fig. 62).

This problem was revisited using the same sample car-
bopol 231). It was found that when the apparent viscosity is 
measured by decreasing the shear stress, the viscosity steeply 

increased at around the stress of 27 Pa, and diverged at 27 Pa, 
indicating that the sample didn’t flow (Fig. 63A). This stress 
27 Pa was defined as the yield stress. It was also found that 
the viscosity showed a Newtonian plateau below the yield 
stress (Fig. 63B). This means that the fluid flowed below the 
yield stress, which is contradictory to the definition of the 
yield stress.

Then, Mϕller, Fall and Bonn 231) tried to show that the 
plateau below the yield stress is induced by the measurement 
for non-steady shear flow. They measured the viscosity of 
four substances: A) 0.2 % Carbopol, B) hair gel, C) foam, D) 
emulsion (Fig. 64), and found that there was a plateau below 
a certain value of the stress as shown by Barnes 230). However, 
they found also that this plateau was an apparent value ob-
served at a non-equilibrium state. When the plateau value 
was plotted against the time, the viscosity value was found to 
increase according to the power law

η ~ t n (4)

The apparent viscosity of 0.2 % carbopol as a function 
of time for different stress values was plotted in Fig. 65. 
Above the stress 27 Pa, the apparent viscosity quickly 

Fig. 62   The viscosity as a function of shear stress for four common fluids, toothpaste, 0.2 % Carbopol 
(carboxymehyl cellulose solution), tomato puree, mayonnaise 230).

Table IX   Yield stress and strain of xanthan gum solutions. Data are presented as means ± SD of 
triplicates. Values with different letters (a-e) are significantly different (p < 0.05) 67).
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reaches the steady value and then it stays constant up to 
~ 10 3 s, while below the stress 25 Pa, the apparent viscosity 
continues to increase even at 10 4 s. Therefore, above the 
stress 27 Pa, the material flows at a constant viscosity which 
is a decreasing function of the stress, while the apparent vis-
cosity continues to increase with time as η ~ t 0.6 as shown by 
the dashed straight line, indicating that the system behaves 
almost as a solid having a very large viscosity within the ex-
perimentally accessible observation time. Thus, this stress 
27 Pa can be defined as a yield stress.

Reiner 232) pointed out that Prophetess Deborah who, in 

the Book of Judges, proclaimed “The mountains flowed be-
fore the lord”, knew two things: First, that the mountains 
flow, as everything flows. But, secondly, that they flowed be-
fore the Lord, and not before man, for the simple reason that 
man in his short lifetime cannot see them flowing, while the 
time of observation of God is infinite. We may therefore well 
define a nondimensional number the Deborah number 
D = time of relaxation/time of observation. Therefore, we 
had better leave “Heraclitus” παντα�ρει�as a special case for 
infinite time of observation, or infinitely small time of re-
laxation. The greater the Deborah number, the more solid the 

Fig. 63   A) The Herschel-Bulkley model provides a good fit to the viscosity of a carbopol sample 
(0.2 %mass at pH = 7) as the stress σ is lowered towards the yield stress. B) Measurements on an 
identical carbopol sample apparently demonstrate the existence of a Newtonian limit below the 
“yield stress” (Barnes, 1999). This figure is representative of the figures claimed to demonstrate 
that yield stress materials flow below the yield stress 231).

Fig. 64   Viscosity as a function of shear stress for four samples: A) The 0.2 % carbopol sample. B) The 
hair gel. C) The foam. D) The emulsion. The resulting curves resemble those in Fig. 62, but the 
values of the plateaux increase with measurement time. The insets show that the plateaux in-
crease as power laws with time with exponents in the range 0.6-1.0 231).
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material; the smaller the Deborah number, the more fluid it 
is” 232). This should be taken into account when we determine 
the yield stress.

Figure 66 shows the creep compliance of the same data. 
At and below the stress 25 Pa the deformation was zero indi-
cating the solid behavior below this critical stress (yield 
stress), while the compliance increases with increasing time 
with the slope 1 indicating the fluid behavior at and above the 
stress 27 Pa. The yield stress is a function of the amount of 
structure breakdown during flow 233, 234).

To generalize the definition of yield stress to materials 
which are thixotropic, it is necessary to distinguish the static 
yield stress and the dynamic yield stress. The thixotropy is 
defined as the decrease in the viscosity at a constant shear 
rate with the lapse of time. It is different from shear thinning 
behavior which is defined as the decreasing of the viscosity 
when the shear rate is increased. All the shear thinning liquid 
show a thixotropic behavior since it takes a time to recover 

the initial microstructure even if it is short 209, 233, 235-237). It is 
necessary to note that the dynamic yield stress corresponds to 
an infinite failure-time and the static yield stress to an imme-
diate failure. For non-thixotropic yield stress materials, the 
dynamic yield stress and static yield stress coincide. For 
thixotropic materials, some interconnected structure in poly-
mer chains or colloidal particles is existing before the shear-
ing, and the minimum shear stress necessary to make flow, 
called a static yield stress, is known to be larger than the val-
ue obtained from an equilibrium stress-strain rate curve, 
which is a dynamic yield stress.

The delayed fracture phenomenon was studied in rela-
tion with yield stress for a fish protein, extracted from cods 
and haddocks, soft gels 238). The storage modulus (1 Hz) for 
fish protein gels heated at different temperatures (30–70 °C) 
as a function of strain showed a maximum at a fracture strain. 
The stress at fracture obtained in this way is equal to the dy-
namic yield stress σd above which the systems flow immedi-
ately during constant application of stress 239). The time-to-
failure tf as a function of the scaled stress σ/G0 is plotted in 
Fig. 67 238). As suggested by previous papers 240, 241), the time-
to-fracture of colloidal gels scales differently over two limit-
ing regimes of stress. In the low-stress regime where bond 
fracture is followed by reformation, the fracture of entire col-
loidal strands is strongly delayed, while in the high-stress re-
gime a strand breaks once all the bonds forming it have bro-
ken with negligible bond reformation. This leads to an 
exponential dependence of tf on the stress with two distinct 
regimes identified 240, 241):

tf = 
1

Cσn 2kA
 �

kA

kD
� 

n

e −ncσ (dominant bond reformation) (5)

Fig. 67   Time to failure tf as a function of the scaled applied stress σ/G0 for 
fish protein soft gels. The solid lines are fits to Eqs. (5) and (6). G0  is 
the high-frequency plateau shear modulus 238).

Fig. 66   Creep compliance of 0.2 % carbopol as a function of time for differ-
ent stress values 231).

Fig. 65   The apparent viscosity of 0.2 % carbopol as a function of time for 
different stress values 231).
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tf = 
Σ nj = 1 1/j
CσkD

 e −cσ (negligible bond reformation) (6)

where kA is the bond reformation constant, kD is the bond dis-
sociation constant, n is the number of bonds per strand, and C 
is a constant reflecting the fracture energy of the strands 240, 241). 
From the curve fitting, the bond dissociation constant, 
kD = 1.2 × 10 −4 s −1, bond reformation constant kA = 7.4 × 10 −4 s −1, 
and the average number of bonds per strand n = 9 were ob-
tained. Taking into account Sn = (Σ n1 1/j) = ε�+ ln n, where 
ε = 0.5772 (Euler’s constant), and the crossover of the stress 
occurs at ln(kA/kD)/C, the crossover stress was found to be  
σcross = ln(kA/kD)/C = 1.14/C.

However, as Sprakel et al. 240) explained, the two equa-
tions are only limiting laws, which only hold far away from 
the crossover regime. At stresses close to the crossover, both 
types of fracture can initiate the macroscopic failure of the 
gel. Thus, Sprakel et al. 240) reached at σcross = 1.82/C from 
physical arguments. Finally, numerical fitting led to the result 
σcross = 1.82/C = 0.8 G0.

In Fig. 67, the crossover is found at σcross = 0.55 G0 < 0.8 G0. 
An experimental finding that the experimentally observed 
critical (crossover) stress is slightly lower than theoretically 
predicted value, is in line with previous reports for 8 % car-
bon black gels where an experimental crossover stress 20 Pa 
was slightly smaller than a computed critical stress 
24 Pa 240, 241). Although the theoretical calculation was only an 
order-of-magnitude estimate to derive the crossover stress 
σcross = ln(kA/kD)/C separating the two stress regimes, this 
quantitative agreement might be fortuitous but the approxi-
mation was also grabbing an essential point.

Yield stress of food and related materials has further 
been studied recently 237, 242). Lissajous presentation of 

stress-strain and stress-strain rate curves has been widely 
used because it is useful for geometrical interpretation 209). 
The general geometric average requires the calculation of the 
arithmetic mean of the stress and the strain rate in a cycle of 
oscillatory shear as shown in an example for 80 % polydimeth-
yl-siloxane (PDMS) emulsion (Fig. 68) 242).

The endpoints of the geometric average curves 
(σmax ~ γ̅max, σ̅ max ~ γmax, σmax ~ ͘γ̅ max, σ̅ max~ ͘γmax) together with 
σmax ~ γmax for 80 % PDMS emulsion with different stress am-
plitudes are shown in Fig. 69(a). As can be seen, both curves 
σmax ~ γ̅max and σ̅ max ~ γmax superpose at low stress level with a 
slope 1, indicating the linear stress-strain relation, that is, ide-
al linear elastic behaviour. Further increase in stress made the 
stress-strain relation deviate from the linearity and the bifur-
cation appeared. The bifurcation points for the σmax ~ γ̅max 
curve and σ̅ max ~ γmaxcurve coincided with that for σmax ~ γmax. 
The bifurcation strain and stress were defined as start yield 
strain γy,start and start yield stress σy,start, respectively. Actually, 
σy,start (or γy,start) can be regarded as the maximum stress (or 
strain) to sustain solid-like behaviour, and the solid-liquid 
transition cannot happen below such stress (or strain). In the 
stress-strain rate relation, σmax ~ ͘γ̅ max and σ̅ max ~ ͘γmax curves 
are found to superpose at high stress level and bifurcate as 
stress decreases, and the σmax ~ ͘γ̅ max curve bifurcated at the 
same point. The bifurcation stress and strain rate could be 
defined as end yield stress σy,end and end yield strain rate ͘γy,end, 
respectively. σy,end corresponds to the minimum stress above 
which complete solid-liquid transition happens in an oscilla-
tory shear cycle. It is seen from Fig. 69 that σy,end is larger than 
σy,start for 80 % PDMS.

The stress-strain and the stress-strain rate curves ob-
served in the shear stress ramp experiments are shown in 
Fig. 69(b). The stress-strain curves superposed at low stress 

Fig. 68   Geometric average representation of Lissajous curves for 80 % PDMS emulsion at 0.005 Hz and stress amplitude 
31.5 Pa. (a) Mean stress σ̅ (γ) and strain γ̅� (σ) are given by the middle point of broken line connecting σ1(γ) and 
σ2(γ), and γ1(σ) and γ2(σ), respectively. The endpoints (γ̅� max, σmax) and (γmax, σ̅ max) are indicated. (b) Mean stress 
σ̅ (͘γ) and strain rate ͘γ̅ (σ) are given by the middle point of broken line connecting σ1(͘γ) and σ2(͘γ), and ͘γ1(σ) and 
͘γ2(σ), respectively. The endpoints (͘γ̅ max, σmax) and (͘γmax, σ̅ max) are indicated. γmax and ͘γmax represent the amplitude of 
strain and strain rate, while σmax represent the amplitude of stress, respectively 242).
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level indicating the linear elastic solid behaviour, and the 
stress-strain rate curves superposed at high stress level indi-
cating the liquid-like behaviour. The boundary region con-
necting the solid-like region and the liquid-like region was 
identified as the yield transition, which was more apparent as 
the ramp time was longer.

The determination of the yield stress of thixotropic ma-
terials is complex. The yield stress for solutions and emul-
sions of xanthan, carboxymethylated curdlan (CMCD), and 
KGM was examined 237). Emulsions were prepared by adding 
certain amounts of pea protein (4 wt%), soybean oil (4 wt%), 
and maltodextrin (12 wt%) into 0.5 wt% polysaccharide 
solutions. The thixotropic behaviour has been studied by ex-
amining the hysteresis loop, up-curve and down-curve of 
stress -strain rate, as shown in Fig. 70.

The area enclosed by the hysteresis loop represents the 
extent of the thixotropic behavior, and was evaluated as 
51 Pa s −1 for XG emulsion and 770 Pa s −1 for CMCD 

emulsion. The greater hysteresis area for CMCD emulsion 
than that for xanthan emulsion was attributed to the hydrogen 
bonding associations among CMCD chains with triple helical 
conformation leading to the formation of a stronger interac-
tion network and denser compact aggregation inside the 
emulsion system 237).

In addition to the hysteresis loop method, when the sam-
ple is subjected to the suddenly stepping up or down the shear 
rate, the subsequent viscosity transients reflecting the chang-
es in microstructure has been studied to understand the thixo-
tropic nature 233, 236, 243-246). Recently, Li et al. 247) used the three 
interval thixotropy tests in the study of thixotropic nature of 
xanthan, CMCD and KGM. The increase in Gʹ at the rest in-
tervals for the CMCD and XG solutions was attributed to the 
ability of the structural regeneration, while no resistance in 
recovery of Gʹ of KGM solutions was found. Judging from 
the greater extent of the thixotropy, the structure rebuilding/
rejuvenation of CMCD emulsions after shearing would need 

Fig. 70   The thixotropic properties of three polysaccharide emulsions: (a) CMCD, (b) xanthan, and (c) KGM emulsions at a polysaccharide 
concentration of 0.5 wt%. The up-curve with upward arrow and the down-curve with downward arrow show the shear rate increas-
ing and decreasing process, respectively. The gray enclosed area by the up-curve and the down-curve indicates the hysteresis loop 
for CMCD and XG emulsions. The hysteresis area was 770 Pa s −1 for CMCD, 51 Pa s −1 for XG emulsion, and negligibly small for 
KGM 237). Note that (a) and (b) in Fig. 70 were wrongly represented in Wei et al. 237).

Fig. 69   Stress bifurcation between endpoint curves of 80 % PDMS observed in LAOS stress at 0.05 Hz where γ̅ mm and σ̅ mm represent the maximum in mean 
strain and the maximum in mean stress, respectively (a), and comparisons with the results of shear stress ramp under different ramp times; the endpoint 
curves in LAOS exhibit instinct characteristics, i.e., they bifurcate with increasing stress at σy,start in stress-strain relation, and with decreasing at σy,end in 
stress-strain rate relation (b) 242).
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a longer time to complete. During and after the oral process-
ing, the thixotropic nature of the decrease in the viscosity 
with the lapse of time will be beneficial for bolus transport in 
the oropharyngeal and gastrointestinal organs. Li et al. 247) 
pointed out the necessity of microstructural study underlying 
the thixotropic behavior, and how this should be taken into 
account in the food design for dysphagia patients is a future 
problem in relation with physiological / anatomical / food 
processing / preservation consideration.

Stress bifurcation between endpoint curves of 0.5 % 
xanthan observed in LAOS at 0.5 Hz is shown in Fig. 71.

The yield stress of CMCD and xanthan solutions and 
emulsions by other methods were determined, and the values 

are shown in Fig. 72 237).
As shown in Fig. 72, the yield stress values are different 

depending on the measurement method. The difference is 
significant especially for thixotropic materials; CMCD emul-
sions showed a strong thixotropic nature, large hysteresis 
area as shown in Fig. 70.

When swallowing, the soft palate is elevated to seal off 
the nasopharynx, preventing postnasal bolus leaking as 
shown in Fig. 7(b) 75) (Part 1 of this review). If the food bolus 
showed as a fluid like viscoelastic body, its security risk will 
be very small, because it can pass through the pharynx in a 
very short time without causing suffocation, unless its viscosi-
ty exceeds a certain limit.

(h)

Fig. 71   Stress bifurcation between end point curves of 0.5 wt% CMCD and xanthan solutions, and thickened emulsions from LAOS at 
0.5 Hz: (a) stress vs strain and (b) stress vs shear rate for CMCD solutions; (c) stress vs strain and (d) stress vs shear rate for CMCD 
emulsions; (e) stress vs strain and (f) stress vs shear rate for xanthan solutions; and (g) stress vs strain and (h) stress vs shear rate 
for xanthan emulsions. Bifurcation occurs with increasing stress at σy,start in stress-strain relation (a), (c), (e), and (g), and with de-
creasing at σy,end in stress-strain rate relation (b), (d), (f), and (h) 237).
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Whether the food bolus exhibits stress relaxation and 
elastic recovery would mainly depend on the nature of the 
food itself, such as beverage or gel candy. However, most of 
the time, food bolus is flowable regardless of whether the 
food bolus exhibits stress relaxation and elastic recovery, be-
cause even gel candy can be chewed and destroyed, and then 
mixed with saliva to form a flowable body. Therefore, the 
impact of stress relaxation and elastic recovery of food bolus 
on swallowing safety has not received much attention. Only 
recently, some new light was shed upon this problem 228).

Creep measurements for these polysaccharide solutions 
and emulsions were performed  to get more insight in relation 
with the rheological behaviour in the mouth 228). During the 
time when the tongue transfers the bolus to the posterior re-
gion in the mouth, deformation and/or recovery of bolus un-
der certain stress should be an important parameter in safe 
swallowing. The deformation recovery properties of solu-

tions and emulsions are shown and compared in Fig. 73.
While γe originates from the elastic restoring force after 

the removal of the external force, γv represents the strain re-
lated with a dissipated energy and thus not recoverable. 
While instantaneous compliance (intercept of deformation 
axis at t = 0) for KGM and xanthan was zero and very small 
for KGM and xanthan, CMCD solution and emulsion showed 
a larger value indicating the elastic nature. While CMCD 
solution showed a small deformation (γ = 0.25 %) and the ra-
tio γe/γv = 1.27, γ = 0.03 % and γe/γv = 50 were observed for 
CMCD emulsion, indicating the resistance to the structural 
deformation by storing energy inside the internal association 
and a high recovering elastic ability, and this was found more 
conspicuous in the emulsion. Xanthan showed similar ten-
dency. A small deformation (γ = 3 %, γe/γv = 0.11 for solution 
and γ = 0.23 %, γe/γv = 0.21 for emulsion), showing the exis-
tence of certain network associations although weaker than 

Fig. 72   Yield stress values determined by different measurement methods for 0.5 % CMCD and xanthan in solutions 
and thickened emulsions: σ0,H, the value calculated from the Herschel-Bulkley model; σt , the end value of yield 
stress determined by the transient shear rate ramp method; σd,e, the yield stress determined by the maximum in 
the elastic stress curve; σd,p, the yield stress determined by the intersection of two power-law extrapolations at 
low and high-stress ranges in G′ vs stress amplitude; σd,c, the yield stress determined by the crossover point of 
G′ and G″; σl,s = σy,start, the start value of yield stress determined by LAOS curves; and σl,e = σy,end, the end value 
of yield stress determined by LAOS curve 237).

Fig. 73   Creep and creep recovery of polysaccharide solutions (a) and thickened emulsions (b) at a polysaccharide 
concentration of 0.5 %. A stimulus of a constant stress 0.5 Pa was imposed at the time t = 0 until t = 180 s, and 
the response strain was measured for 300 s The γe and γv represent the elastically recovered strain and viscous 
strain, respectively 228).
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CMCD. However, the KGM solution shows an almost only 
viscous deformation with a quite large γ value of 66 % and a 
γe/γv value of almost zero. The finding that CMCD emulsion 
(γe/γv = 50) showed a higher elastic recovery ability than xan-
than emulsion (γe/γv = 0.21) and KGM emulsion (γe/γv ~ 0) 
was consistent with its higher yield stress (Fig. 70) and strong 
network in the emulsion.
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