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A water-soluble extract was obtained from the fronds of a New Zealand native black tre€yath€a medullaris

or Mamaku in Mari). The extract exhibited complex rheological behavior. Newtonian, shear-thinning, shear-
thickening, thixotropic, antithixotropic, and viscoelastic behaviors were observed depending on polymer
concentration, shear rate, and shear history. The extract also displayed rod-climbing and self-siphoning properties
typical of viscoelastic fluids. Such complex rheological properties have been reported in synthetic or chemically
modified polymers but are less frequent in unmodified biopolymers. Although Mamaku extract obtained from the
pith of the fern has been traditionally used by thedvian New Zealand for treating wounds and diarrhea among
other ailments, this material has never been characterized before. This study reports on the chemical composition
of the extract and on its viscoelastic properties through rotational and oscillatory rheological measurements.
Explanations of the mechanism behind the rheological properties were based on transient network models for
associating polymers.

1. Introduction that are capable of interacting with each other in a selective
solvent® Reversible cross-links which can be formed at the
The black tree fernQyathea medullar)s known as “Ma-  junctions are usually due to noncovalent interactions such as

maku” in Mzori, is the tallest tree fern found throughout the hydrophobic and hydrogen bonds. Disruption and reformation
South Pacific. Traditionally, the pith of the trunk and fronds of molecular networks at the junctions can occur due to
were consumed by natives and early explorers. The cooked pithconditions such as an increase in temperature and/or application
was described as soft with a very sweet tastéie uncooked  of stresses. Such physical networks are defined as transient
pith is slimy due to the presence of a brownish-red mucus-like networks? A common example of associating polymers is the
fluid. The mucus-like material was also used traditionally for telechelic polymers (polymer molecules carrying associative end
various medicinal purposes such as treating wounds and%oils, groups). The rheological properties of these polymers often
as a vermifuge, and as a remedy for diarrhd@he functions  exhibit Newtonian behavior at low shear rates, shear-thickening
of mucus-like sap found in the trunk and fronds of Mamaku behavior at intermediate shear rates, and then shear-thinning at
are not well-established. To our current knowledge, this mucus- higher shear ratesShear-thickening behavior in associating
like material has not been characterized. In this first paper, we polymer solutions has been a subject of research since the
report on the isolation and unusual rheological properties of 1950s8
the water-soluble extract. Other systems that reported shear-thickening include inter-
Rheological measurements based on steady shear, oscillatoryolyelectrolyte systen,shear-induced formation of intermo-
shear, and step strain experiments have been used to characterizgcular aggregates in spider silk dofesoluble starch solu-
the viscous and elastic properties of fluids. The physical tions1213 and in a low-methoxy pectin solutidd. Shear-
manifestation of the elastic component in viscoelastic fluid thickening behavior seems to be identical for many systems from
behavior is commonly demonstrated by “the tubeless siphon”, 3 rheological viewpoint. However, the molecular origin of the
“die swell”, or “rod-climbing” effects. It is well-established that  complex formation may differ (e.g., electrostatic interaction,
these effects are the result of the development of normal stressefydrogen bonding, cross-linking by crystalline segments, and
within the fluid that overcome centrifugal or gravitational coordination with metallic ionsl among Others), depending on
forces3 The 6|aStiCity in polymer solutions has been related to each sys’[eniﬁ In this paper, we report on the Shear-thickening
a shear-thickening behavior that corresponds well to the first pehavior of the solutions prepared from a freeze-dried crude
normal stress coefficient under shéar. water-soluble extract of the fronds of Mamaku.
Under flow, shear-thickening behaviors are rare in many
biopolymer solutions. However, they are known to occur in
complex fluids such as dense suspenSiamrmlike micelles, 2. Materials and Methods
and associating polymer solutioh$Associating polymers are

polymers that contain functional groups along polymer chains 21 Isolation of Mamaku E_xtrac_t. The frond_s of the tree fern were
obtained from the Massey University campus in Palmerston North, New

Zealand during the month of January 2006. The leaves on the fronds

* Corresponding author. E-mail: K.T.Goh@massey.ac.nz. Tel.: 64-6-

3504366, ext 7195. Fax: 64-6-3505657. were rc_amoved, and the_fronds_ were V\_/ashed_and cut into slices of
T Institute of Food, Nutrition and Human Health. approximately 5 mm thick using a slicer (Dito-Sama, Aubusson,
* Riddet Centre. France). Warm water~50 °C) was added to the sliced fronds in
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roughly equal proportion. The mixture of sliced fronds was blended in Table 1. Composition of Freeze-Dried Mamaku Extract

a wet disintegrator (Jeffco, Dry Creek, Australia) for 5 min. This step

removed the mucus-like material from the fronds into the continuous
phase of the mixture. The crude water-soluble extract was separated
from the disintegrated fronds using muslin cloth. The crude extract
solution was then centrifuged at 13 @dfor 30 min at 20°C (RC5C
Sorvall centrifuge and GS-3 rotor, Kendro Laboratory Products GmbH,
Langenselbold, Denmark) to remove any insoluble materials. The
supernatant was then freeze-dried. This extraction method yields
approximately 1% (w/w) of freeze-dried material.

2.2. Chemical Analysis Elemental analyses for C, H, N, O on the
freeze-dried sample were carried out using a Carlo Erba elemental

analyzer EA 1108 (Carlo Erba Instruments, Milan, Italy) by the

Campbell MicroAnalysis Laboratory, University of Otago, New
Zealand. Mineral composition was determined using inductively coupled
plasma-optical emission spectrometer by accredited AgriQuality
Laboratory, Auckland, New Zealand. Proteins, total lipid, ash, and
condensed tannins (%) were determined by an accredited chemical
laboratory (accredited Nutritional Laboratory, Institute of Food, Nutri-
tion & Human Health, Massey University) based on AOAC 991.36,
AOAC 968.06, AOAC 942.05, and AOAC 962.09 and HEhutanol
methods, respectively. The percent total sugar was determined using
the phenot-sulfuric acid method® Nonstarch polysaccharide was
determined using the Englyst methtdjeutral sugars were analyzed

by gas chromatography, and the uronic acid was determined by a
spectophotometric methdé.

composition % (wiw)
moisture 9.25
ash 16.07
crude protein 2.02
fat 0.17
crude fiber 0.24
tannins 0.09
sugars 44.3
nonstarch polysaccharides 9.80
unknown 18.06

minerals (mg/kg)

potassium 51800
sodium 30400
calcium 1200
magnesium 1000
aluminum 710
zinc 54
manganese 26
iron 7.7
copper 7.4
selenium 0.28
lead 0.072
mercury <0.01

2.3. Rheological MeasurementsFreeze-dried Mamaku extracts

(2%, 4%, 6%, 8%, and 10%, w/w) were redispersed in 0.1 M NaCl 1 10, and 100°¢), each for the duration of 1000 s. To ensure that all
solutions containing 0.02% (w/w) sodium azide. The samples were rheglogical data were valid, values obtained below the minimum

allowed to hydrate for-24 h at 20°C and centrifuged at 31@dor 30

min at 20°C (Centra MP4R and Rotor 224, International Equipment yere carried out in replicate.

Company, Needham Heights, MA). Rheological measurements were

detectable torque of 0.02«{im) were discarded. All measurements

The viscosities of dilute Mamaku solutions<1% w/w) were

pe_rformed in both o_scillatory and rotational (steady-state flow) mod(_es determined using a Cannetbbelohde low shear four-bulb capillary
using the Paar Physica rheometer MCR 301 (Anton-Paar, Graz, Austria).yiscometer (viscometer no. 75, S766, Cannon Instrument Co., PA). The
The rheometer was equipped with a cone and plate geometry (CP 40-4rg|ative viscosity £ye) of the sample was obtained at 20 according

and P-PTD200/56, gap 0.049um) or a double-gap measuring system 4

(DG 26-7 and C-PTD 200). The rheometer has a Peltier element to
control temperature using the computer software, Rheoplus v2.65. All
measurements were made at2@.1°C. A dynamic oscillatory stress

sweep test was first performed at a frequency of 1 Hz to determine the

Nrel = t—&

(1.3)

linear viscoelastic region for all samples using the double-gap measuringwheret andt. are the efflux times for the Mamaku solutions and solvent,
system. The strain value obtained within the linear viscoelastic region respectively;o and ps are the densities of the solution and solvent

(5%) was used in performing frequency sweep tests (30 data points
0.01-100 Hz). In rotational mode, viscosity flow curves and the first
normal stress differenceN() curves were initially obtained using the
cone and plate measuring system. The first normal stress difference is
defined as

— 2F
R

where F is the normal force;R is the radius of the coneplate
geometry:® Another way to describe first normal stress difference is
based on the Rouse model as recently described by Tuinief%rad.

is expressed as

N, (1.1)

— %3(770 - 773)2M

Ny 7 RTc

(1.2)

wherey is the shear ratejo is the zero shear rate viscosity is the
viscosity of the solventM is the molar mass of the EPS molecuie,
is the gas constanfT is the temperature, and is the polymer
concentration.

'respectively.
From thene, the specific viscosityifsp) is obtained by

Nsp = Mrel — 1

3. Results and Discussion

(1.4)

3.1. Chemical Analysis Elemental analysis (C, H, N, O) of
freeze-dried extract shows that it consisted of 32.78% C, 5.53%
H, 0.37% N, and 52% O. This gives an approximate empirical
formula of GH1,07. The mineral composition and the contents
of several other chemical entities are given in Table 1. The
water-soluble extract consisted of a large proportion of sugar
(~44%), ~10% nonstarch polysaccharides (NSP), and a low
amount of proteins+{2%). The NSP fraction consisted of uronic
acid (72.5%), galactose (14.3%), xylose (7.1%), and arabinose
(3.1%). Small quantities of other monosaccharides present were
rhamnose{1%), fucose £1%), mannose~<{1%), and glucose
(<1%). The crude extract had a relatively high mineral content
(~16%). The extract seems to be especially rich in potassium,
sodium, calcium, magnesium, and aluminum. From the chemical

The sweep-up and sweep-down viscosity measurements for solutionsanalysis, a residual-18% of the extract freeze-dried matter
of different polymer concentrations were also carried out using a double- remains unidentified.

gap measuring system (30 data points, 0-00000 s?). Furthermore,

3.2. Visual Observation of Viscoelastic Properties A

viscosity measurements were performed at constant shear rates (0.1semidilute solution of Mamaku extract (7% wi/w) preparedé)esv
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w/w of the freeze-dried extract. Further work is underway to
purify and characterize this fraction.

3.3. Rheological Characterization.Rheological measure-
ments were performed to quantify the viscous and elastic
characteristics of the rehydrated freeze-dried extract. Steady-
state viscosity measurements were carried out using the solutions
of the Mamaku extract (2%, 4%, 6%, 8%, and 10% w/w)
dispersed in Milli-Q water containing 0.1 M NaCl and 0.02%
sodium azide. These solutions are equivalent@2%, 0.4%,
0.6%, 0.8%, and 1% w/w the nonstarch polysaccharide fraction.
The viscosity flow curves (Figure 3) exhibited a region of
Newtonian behavior at low shear rates, followed by a shear-
thickening region at intermediate shear rates, and then a shear-
thinning region at higher shear rates. The Newtonian region was
apparent for solutions at higher concentration (atfer 10%

w/w Mamaku), but as the polymer concentration was decreased,
the Newtonian region could not be measured due to the limited
X X sensitivity of the rheometer. As the polymer concentration
extract illustrated by (a) decanting from one beaker to another and decreased, the onset of shear-thickening was also shifted to
(b) liting the cone geometry from the plate after performing a viscosity . ! .
measurement. higher shear rates (from 4%at 10% w/w solution to 308 at
4% wi/w solution). At 2% w/w Mamaku solution, the effect of

Figure 1. Viscoelastic properties of 7% w/w solution of Mamaku

i g shear-thickening diminishes and the viscosity curve approaches
b Newtonian behavior.

Data on the first normal stress differends;) were also
obtained during the viscosity measurements using the cone and
plate geometry (Figure 3). The first normal stress difference is
traditionally used to measure the viscoelastic quantities often
defined by processes like rod climbing or the Weissenberg
effect. It is therefore not surprising that positiMg values were
observed for semidilute Mamaku solutions. The increadé;in
within a certain shear rate appears to correspond to the entire
< A shear-thickening region of the viscosity curve with highest

values ofN; andapp OCcurring at the same shear rate for each

concentration of the Mamaku solution. A¢; indicates the

degree of elasticity of the Mamaku solution during shear, it
= implies that the onset of shear-thickening was the result of an
; increased elastic property in the polymer system during shear.
Figure 2. (a) 7% w/w solution of Mamaku extract with the rod (6 The presence Of-normal stres_s in fluids may be exploited, for
mm diameter) stationary. (b) Rod-climbing effect of the same solution example, t_O provide load bearlng between the parallel faces of
when the rod (8 mm diameter) was rotated at ~120 rev/min. a mechanical face seal or a plain thrust beaffng.

It was also observed that, before the onset of shear-thickening,
the samples were seen to be dragged around as the cone rotated.

dispersing freeze-dried extract in Milli-Q water containing 0.1 However, no sample was lost during the entire run. Such flow
M NaCl and 0.02% (w/w) sodium azide exhibited interesting instability has been reported for some telechelic polyAtensd
viscoelastic properties. When the solution of Mamaku extract liquid crystalline solution® at relatively low shear rates. It has
was poured from a beaker (Figure l1a) or when the cone been suggested that if only part of the sample remains in contact
geometry was lifted after a rheological measurement (Figure with the cone and plate and the actual area of contact is
1b) the fluid showed interesting elastic behavior. The solution unknown, then correct data of the true rheological properties
was able to “stretch” for a reasonable distane@% cm) until cannot be valid in this regime. According to Kosvintsev efl.,
the gravitational force overcame its elastic character. it is not possible to conclude whether the changes observed

The solution was also found to exhibit rod-climbing ability ~should be regarded as a kind of shear-induced phase transition
(Figure 2a and 2b) and self-siphoning effect (figure not shown). or merely as a mechanical instability. Hence, in order to verify
The rod-climbing effect (also known as Weissenberg effect) has that the measurement was reliable, the double-gap geometry
been observed in some polymer melts and crudé'gdsut was used instead since the sample would have a better chance
rarely observed in natural polymers. The rod-climbing ability to remain in the cup during the shearing process. Similar results
of the solution suggests that the shear may stretch and orientwere obtained (Figure 5) confirming that the shear-thickening
the polymer molecules creating normal stresses. The anisotropyproperty is likely to have a molecular origin, being independent
induced is such that the fluid is pulled inward and climbs the of the geometry used. All subsequent rheological measurements
rod3 were carried out using the double-gap geometry.

The interesting rheological behavior of the Mamaku extract  Frequency sweeps at 5% straiwithin the linear viscoelastic
was likely to be due to the presence of large macromolecular region—were carried out for the Mamaku solutions at the same
species present. On the basis of the chemical composition ofconcentrations as above (4%, 6%, 8%, and 10% w/w). Samples
the water extract (Table 1), these polymer molecules are containing 6%, 8%, and 10% Mamaku extract showed vis-
probably the nonstarch polysaccharide fraction present.@o coelastic behavior within the frequency range of 6-:Q0 Hz. cDV
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Figure 3. Apparent viscosity and first normal stress difference profiles of 2%, 4%, 6%, 8%, and 10% w/w Mamaku solutions as a function of
shear rate, at 20 °C and using a cone and plate geometry.
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Figure 4. Elastic modulus (G', filled symbols) and viscous modulus (G, open symbols) of the solutions of Mamaku extract (4%, 6%, 8%, and
10% wi/w) plotted as a function of frequency obtained by oscillatory measurement. The mechanical spectra were obtained using a double-gap
attachment.

As seen in Figure 4, the viscous modul@') is aboveG' points were obtained at lower shear rates due to the larger
(elastic modulus) at low frequencies &tdominated ove” surface area of the double-gap geometry (Figure 5). It was again
above the crossover frequendy (= G"'). The crossover point  observed that just before the onset of shear-thickening at shear
for each solution is shifted to higher frequencies as the rates greater than3 s™1, a small portion of the sample appeared
concentration of the extract decreases, as expected in typicako “climb” out of the gap between the rotating bob and the cup.
polymer solutiong’ This implies that the relaxation time However, the effect (i.e., samples coming out of the gap) was
increases with increasing polymer concentration, reflecting an less pronounced than with the cone and plate geometry. It is
increase in the size and/or number of cross-linking points unlikely that the viscosity values obtained in the shear-thickening
polymer chains. At 4% w/w Mamaku solution, the viscous region are affected by the small amount of sample coming out
modulus G'') dominated throughout the entire frequency range. of the gap (given the large contact area of the double-gap
As mentioned earlier, viscosity measurements obtained by geometry).
using the double-gap geometry (Figure 5) were similar to those  Figure 5 also shows complex viscosity*) curves (obtained
obtained by cone and plate geometry (Figure 3). Additional data from oscillatory measurements) as a function of ang%BrV
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6%, 8%, and 10% w/w). Dotted lines show fits by the Cross equation.

frequency together with the viscosity curvegy) as a function
of shear ratej{). The complex viscosity is defined by

7 =V(G) + (@)l

whereG' is the elastic modulus ar@”’ is the viscous modulus.
Figure 5 clearly showed that the Ceklerz rule fails for
this type of rheological behavior. The CeNerz rule asserts
that |*(w)| = n(p) for fluids that can be disrupted by large
strain?8 The longest relaxation time from frequency sweép (
= G") does not coincide at all with the onset of shear-thinning
which occurs for most polymer solutions that obey Edkerz

rule. However, at low shear rate/angular frequency, the zero

shear rate viscosityyg) appeared to be in reasonably good
agreement. To obtain the zero shear viscosity, the simplified
Cross equation was used to fit the complex viscosity curves
(Microcal Origin software, version 5.0)

7= M
1+ @A)t

where n is the apparent viscosityyo is the zero shear rate
viscosity,y is the shear ratd, is the relaxation time, and is

the proportionality constant. The fitting of the Cross equation
is somewhat arbitrary, and the values of the three fitting
parametersifo, 4, andn) depend on initial estimates. The zero-
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Figure 6. Concentration dependence of zero shear rate viscosity of
Mamaku solutions prepared in 0.1 M NaCl and 0.02% sodium azide
at 20 °C. Open symbols: zero shear rate specific viscosity data
obtained by a Cannon—Ubbelohde low shear four-bulb capillary
viscometer (viscometer no. 75, S766, Cannon Instrument Co., U.S.A.).
Filled symbols: zero shear rate complex viscosity data estimated by
the Cross equation using data from oscillatory measurements.

value in our case could mean that intermolecular interactions
among the polymer chains are likely to be present apart from
the effect contributed by entanglements of the polymer chain.

shear viscosity data were used to obtain the concentration 3.4. Time-Dependent Shear Measurement&urther experi-

dependence of viscosity curve (Figure 6).

ments were carried out to explore the steady-state of the

The data of the concentration dependence of zero shear rateviscosity data obtained for each shear rate. Viscosity measure-

viscosity plot (Figure 6) for the dilute regime were obtained by

ments at constant shear rates (0.1, 1, 10, and 1&0veere

viscometric measurements. The data were fitted using the powercarried out for a period of 1000 s each (Figure 7). At the shear

law equation for the data in dilute and semidilute regimes,

rate of 0.1 s1, the viscosity decreased slowly with time for the

respectively. As observed in the graph, the crossover concentra-10% w/w solution. At lower concentrations (8% and 6%), the

tion (where the two linear fits intersect) was2.2% w/w. In
the dilute regime, the exponent valuerefd c2-Cis typical of
many random coil polymer solutions. However, in the semidilute
regime, the exponent value gf 00 c*7Cis higher than that of
entangled random coil polymer€ 293). The higher exponent

viscosity curves showed a decreasing trend and then seemed to
plateau after~800 s. At the shear rate of 1% before the onset

of shear-thickening behavior, the viscosity showed an oscillatory
pattern across all polymer concentrations used in this study. Such
behavior has been reported for steady-state viscosity meacsbr\e/-
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viscosity measurements were carried out using double-gap attachment to obtain the “up-curves” (0.1—-1000 s?, filled symbols) and the “down-
curves” (1000—0.1 s™1, opened symbols).

ment in the shear-thickening regiéhin our case, oscillatory ~ shown by the constant shear rate experiments indicate that the
pattern occurred before the onset of shear-thickening regime.flow behavior of Mamaku solution was different from that of
This behavior could be attributed to an unstable flow (samples most biopolymers, which are typically entangled random coil
are forced out of the gap) at the lower shear rates, implying polymers. The Mamaku polymer molecules were likely to
that a true steady state in the shear rate could not be reachedundergo different conformations and intermolecular interactions
At 10 s, within the shear-thickening regime, the viscosity was at different shear conditions.
the highest at all polymer concentrations with values decreasing To further our understanding of the behavior of the polymer
over time. Again a steady-state viscosity was not achieved within chains during shear, an sjglown viscosity sweep (viscosity
the experimental time scale. Especially at high concentrations profile from low to high shear rates and then immediately back
(10% wi/w) the big changes in viscosity over time reflects from high to low shear rates) was undertaken (Figure 8). The
rearrangements of the polymer at the molecular level at this up—down viscosity curves show that Mamaku solution has a
critical shear rate. At 10078, in the shear-thinning regime, wide range of flow behaviors: Newtonian, shear-thickening,
steady-state viscosity could be reached within a short period. shear-thinning, thixotropy, and antithixotropy, depending on the
Overall, the curves indicate that flow properties of the samples shear conditions. Time-dependent rheological behavior is evident
are time-dependent (thixotropic). The complex flow patterns over the entire shear rate range. The occurrences of thixotE?B'@
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and antithixotropic behaviors suggest that network disruption individual chains exposes the functional groups present along
and formation, respectively, are present in the system. The up the backbone of each chain. This encourages intermolecular
down viscosity sweep also provides useful information in terms interactions to take place which leads to the shear-thickening
of the rate of network destruction with the application of stress behavior. The interactions continue to increase to a maximum
and the network reformation upon the removal of stress. It is viscosity at the critical shear rate. Chain stretching in the non-
important to point out that the viscosity value recorded at the Gaussian range may be present at the same time. Furthermore,
end of a sweep to lower shear rates is the same as the initialthe effect of shear-thickening may be contributed by topological
viscosity of the system. This indicates that no permanent changesentanglements with “sticky” groups present. Beyond the critical
to the chain structure were apparent in the course of performingshear rate, the applied stress overcomes the intermolecular
the up-down sweeps. The extent of thixotropy suggests the association. The elongated chains start to break away and align
slow relaxation of the polymer chains. The relaxation time for to the direction of the flow. This is where shear-thinning occurs.
the chain to return to its original state when stress was removed From the up-down rotational sweep experiments, the de-
seems to be longer than the time of the sweep-down experiment.creasing shear rate during the down sweep allows the elongated
3.5. Possible Mechanisms Influencing the Rheological ~Cchains to reassociate with neighboring chains. Longer time
Behaviors. Polymer solutions typically exhibit shear-thinning Seems to be required for the functional groups to be recaptured
behavior under the application of shear (viscosity decreases withPy neighboring chains under high shear flow. At intermediate
increasing shear rate). However, Mamaku solutions exhibit Shear rates, the chances ofintermolec_ulgr intergctions are more
anomalous behavior at different shear rates including a shear-Probable. Here, we observed the antithixotropic behavior. As
thickening regime. t_he shear rates become suff|C|ent!y low, intramolecular interac-
Several theories have been proposed with regard to shearllons dominate, evenFuaIIy causing the e_I(_)ngated molecular
thickening behavior for associating polymers. Witten and chains to return to their folded state at equilibrium under zero-

Cohen® proposed a mechanism for shear-thickening observed stress condition.
in ionomers in which intermolecular interaction increases during
shear at the expense of intramolecular interactions, and eventu-
ally there is the formation of a network structure. This theory
was further developed quantitatively by Ballard efahnd
Vittadello and Biggs?

In the transient network model (TE model) described by
Tanaka and Edwarésfor telechelic polymers, the polymers
form a network where the cross-links are small clusters of the

4. Conclusions

This study shows the unique rheological properties of the
solution of crude Mamaku extract. At present, the exact
mechanism behind the different rheological behaviors at dif-
ferent shear rates has not been unraveled. Further purification
of the extracts are necessary to identify the fraction that is

functional end Y the shear-thickening behavi responsible for the rheological behaviors. Fundamental studies
unc '0?3. en grcc)lu_psth ngveveL, | € sdear— 1€ entlrr:g TE av'c?rlto characterize the size and conformation of the large molecular
was not discussed In the 1 model, and moreover, the T mode weight fraction in dilute solution are underway. In addition, the

assumes that topological entanglements are absent. ASSOCiaﬂV%ﬁects of solvent conditions on the rheological properties are

pholy(Ters ir_1 th(;entalr)]gled jemiqti)luge tr)egirr]ne are comﬁlex, and being investigated and will be reported in a forthcoming paper.
the dynamics have been described by the concept known asp,, unique rheological properties of this material may find many

“stj ion6.34 o : : X . .
V?/tlckysr_eptaotllon : hB"?‘jed ofn t‘_\“? cobnc_ept c|>f th_e -III-E ?Odel’ applications such as in coatings, in cosmetics, as food stabilizers/
ang®introduces the idea of chains being elastically effective thickeners, as an aid in controlling the flow of food through

(forms a network), dangling (one end sticking to junctions), and the digestive tract, and in “smart” fluid systems where viscosity
unbound free chains. It has been proposed that shear-thickeninqmder specific shéar rate is required

is due to the shear-induced coagulation of free chains to the
existing network under moderate shear rates. The junctions Acknowledgment. We thank Dr. Patrick Janssen for intro-
formed in the shear-thickening regime are assumed to have aducing the Mamaku frond extract and bringing it to our interest.
lifetime much longer than the relaxation times of individual We also acknowledge the Riddet Centre, Massey University
chains and network structures. Based on the above modelsfor funding this project.

Marrucci et af® took a different angle by relating shear-

thickening to shear-induced chain stretching in the non-GaussianR€éférences and Notes

range of chain behavior. The proportion of intra- and intermo-
lecular associations are assumed to remain constant. Marrucci
et al. also reported that fast recapture of dangling ends by the
network can produce pronounced shear-thickening. The tem-
porary network structures are continuously disrupted and
reformed®” Further developments on shear-thickening based on
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the molecular origin of shear-thickening has not been completely
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