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ABSTRACT
Cellulose gum, also known as sodium carboxymethyl cellulose (NaCMC), is a polysaccharide often used as a thickener or rheology modifier
in many industrial complex fluids, including foods. Shear and extensional rheology response influence production and processing of food, as
well as the consumer perception and bioprocessing that begin with every bite. Stream-wise velocity gradients associated with extensional flows
spontaneously arise during extrusion, calendaring, coating, dispensing, bubble growth or collapse, as well as during consumption including
swallowing and suction via straws. The influence of polysaccharides on shear rheology response is fairly well characterized and utilized in food
industry. In contrast, elucidating, measuring, and harnessing the extensional rheology response have remained longstanding challenges and
motivate this study. The characterization challenges include the lack of robust, reliable, and affordable methods for measuring extensional
rheology response. The product design challenges stem from the difficulties in assessing or predicting the influence of macromolecular prop-
erties on macroscopic rheological behavior. In this contribution, we address the characterization challenges using dripping-onto-substrate
(DoS) rheometry protocols that rely on analysis of capillary-driven thinning and breakup of liquid necks created by releasing a finite volume
of fluid onto a substrate. The DoS rheometry protocols emulate the heuristic tests of thickening, stickiness, or cohesiveness based on dripping
a sauce from a ladle. We show that adding glycerol or changing salt concentration can be used for tuning the pinch-off dynamics, exten-
sional rheology response, and processability of unentangled solutions of cellulose gum, whereas entangled solutions are relatively insensitive
to changes in salt concentration.
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INTRODUCTION

Polysaccharides are widely used as rheology modifiers1–6 in
consumer products, including food,1–4 inks, paints and coatings,7
pharmaceuticals,8 and cosmetics.9 In biological systems, polysac-
charides influence stickiness or stringiness of synovial fluids,10,11
mucus,12 and the deadly viscoelastic fluids found in carnivorous
plants.13,14 The addition of a relatively small concentration (<1%
by weight) of polysaccharides such as cellulose gum, guar gum, and
xanthan gum often leads to a substantial increase in zero shear vis-
cosity and to highly shear thinning behavior for formulations.15–23
As foods are multicomponent soft materials that often contain
dispersed drops, bubbles, particles, or proteins,24,25 an enhanced

shear viscosity at low rates increases dispersion stability and homo-
geneity.2,3,15–26 A decrease in shear viscosity at intermediate rates(100 ≤ γ̇ ≤ 102 s−1) facilitates pouring and mixing, and a fur-
ther decrease at higher rates facilitates processing operations such as
extrusion, coating, spraying, and dispensing.4,7 Even when polysac-
charides are added to aid in retention of water and flavors, for-
mation of film or fibers, manage calorie count, or provide texture
in gluten-free or low-fat products,16,21,27,28 they still alter rheology
or perceived runniness, cohesiveness, and mouth-feel.16,29,30 Prod-
uct and process design for food is often based on measured shear
rheology response.2,3,15–31 However, stream-wise velocity gradients
associated with extensional flows spontaneously arise in converg-
ing channels or thinning liquid necks and films in many operations
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related to foods3,26 including dispensing, spraying, dip-coating, drip-
ping, printing, growth of bubbles or drops, extrusion, and spread-
ing, as shown schematically in Fig. 1. For polymeric complex fluids,
the resistance to stretching flows defined as extensional viscos-
ity, ηE, cannot be estimated or computed from measurement of
shear rheology response.32–35 Even though extensional rheology
response plays a critical role in determining the production, pro-
cessing, consumption, and sensory perception of foods,3,30,36–43 two
significant challenges exist that motivate this study: (a) a reliable,
repeatable measurement with deformation history or flow rates
that emulate extensional flows encountered in culinary applications
and (b) an understanding of the connection between macroscopic
rheological measures and macromolecular hydrodynamics and
thermodynamics.

Unlike Newtonian fluids that exhibit a constant Trouton ratio,
Tr = ηE/η = 3, polymer solutions can display relatively high

values and Tr > 102 are routinely observed.33–35 Furthermore, many
shear thinning polymeric fluids show dramatic strain hardening in
response to strong extensional flows.33–35 Even though shear rheol-
ogy measurements are fairly routine and standardized, the exten-
sional rheology characterization relies on bespoke experimental pro-
tocols32–35,48 and reveal markedly different response in different
techniques, showing high sensitivity to both strain and strain rate,
and entire deformation history. In the context of food applications,
the challenges are optimally expressed in this quote from Fischer and
Windhab:3 “Approaches that aim to introduce extensional rheome-
try are extremely useful to understand the material but are compli-
cated by the fact that measuring devices are expensive, do not oper-
ate in the production time scale, and do not provide instrumental
readings easily be transferred to the process or to the baker at four
o’clock in the morning.” In this contribution, we demonstrate that
the dripping-onto-substrate (DoS) rheometry protocols49–53 (that

FIG. 1. Extensional flows in gastronomy and food engineering. (a) Consumption of food involves both shear and extensional flows, and thickeners are often added to
design food with suitable mouth-feel and texture38 and to aid dysphagia patients in swallowing.30,38–40 (b) Sheet stretching, showing deformation of a control volume.
(c) Converging channels in extrusion are associated with extensional flows, though shear flows also arise near the wall. (d) In dipping sauces, the time to breakup and the
breakup length of the liquid bridge are product design considerations. (e) Capillary-driven thinning of necks creates stream-wise velocity gradients associated with extensional
flows. (f) Macromolecular conformational changes in the presence of shear and extensional flows. In contrast to shear flows that weakly perturb macromolecular coils, strong
extensional flow fields can unravel the chains, leading to a pronounced coil-stretch transition for flexible neutral polymers.44–47 (g) Dripping sauce or chocolate, or kitchen
experiments aimed at checking thickening of a soup. (h) Strain hardening, contributed by gluten or polysaccharides (used as gluten alternatives), determines bubble growth
and collapse and ultimately sets texture and mouth-feel.41–43
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we developed recently) can address such characterization challenges.
The DoS rheometry protocols involve the visualization and analysis
of capillary-driven thinning and breakup of a self-thinning liquid
neck generated in an unstable liquid bridge formed by releasing a
finite volume of fluid from a nozzle onto a partially wetting sub-
strate. The extensional rheology characterization for high viscosity
complex fluids can be often carried out economically, reliably, and
repeatedly by using off-the-shelf digital cameras for capturing neck
shape and shape evolution.51,54

The capillary-driven thinning and pinch-off dynamics of sim-
ple, Newtonian fluids are dictated by the interplay of inertial, vis-
cous, and capillary stresses.33,55–57 Additional viscoelastic stresses
associated with stretching, relaxation, and orientation of macro-
molecules [see Fig. 1(f)] in response to extensional flows in thin-
ning necks often result in a measurable delay in thinning and
pinch-off.49–53,58–66 Analysis of neck thinning dynamics for mea-
surement of transient, ηE = ηE(ε̇, ε, t), as well as steady terminal
extensional viscosity, η∞E , and extensional relaxation time, λE, is
the basis for DoS rheometry as well as techniques that create a
stretched liquid bridge by applying a step strain to the fluid con-
fined between two parallel plates.33,58–64 However, as the commer-
cially available technique called CaBER (capillary breakup exten-
sional rheometer)33,63,64 relies on step strain that requires nearly
50 ms, pinch-off occurs before plate separation for low viscosity
(η < 50 mPa s), low elasticity (relaxation time, λ < 1 ms) fluids.
Therefore, the countable few published studies that utilize CaBER
(or devices based on step strain) focus on relatively high molec-
ular weight polysaccharides (typically Mw > 106 Da) at relatively
high concentrations (>0.5 wt. %).18,19,61,62,67–74 Campo-Deano and
Clasen75 showed that modifying the CaBER protocol by using the
slow retraction method (SRM) allows access to lower relaxation
times than accessible with typical CaBER measurements. However,
as SRM requires staged stretching of the liquid bridge,75 the defor-
mation history fails to emulate real dispensing flows and the filament
lifespan (breakup time) is not measured. Additionally, the capil-
lary thinning and pinch-off dynamics of structured complex fluids,
including polysaccharide gels formed at higher concentrations, are
sensitive to the rate and extent of the initial step strain in all CaBER
measurements.73,75–77 Although we have established that the DoS
rheometry protocols can be used for characterizing the extensional
rheology response for solutions of both neutral and charged poly-
mers,49–51 well below the sensitivity range of CaBER, the characteri-
zation challenges for charged polysaccharide solutions have not been
tackled so far.

In the present contribution, we carry out a systematic inves-
tigation of the rheological response of solutions of a relatively low
molecular weight (Mw = 250 kDa) polysaccharide called cellulose
gum or sodium carboxymethyl cellulose (NaCMC). Cellulose gum
is used quite extensively as a rheology modifier (thickener, gela-
tor, stabilizer, or texture enhancer) in food products such as ice
creams, juices, jellies, soups, beer, as well as in dairy, bakery, and
meat products.15,17,20–23 In many applications, NaCMC is added in
the presence of salt, and often glycerol labeled as additive E422 is
added for influencing viscosity (of liqueurs, for example), hygro-
scopic nature, sweetness, calorie count, solvent quality, and the per-
ceived texture and mouth-feel.78 The addition of glycerol changes
solvent viscosity, dielectric constant (electrostatic interactions), den-
sity, surface tension (free surface flows), refractive index, and solvent

quality (coil size and excluded volume interactions). Unlike most of
the published studies that focus on shear rheology characterization
of aqueous NaCMC solutions,15,17,20–23,29,31,67,79–89 in this contribu-
tion, we characterize the influence of both added glycerol and added
salt on both shear and extensional rheology response and investigate
capillary breakup and dispensing behavior of these food thickener
solutions.

MATERIALS AND METHODS

Cellulose gum or sodium carboxymethyl cellulose
(NaCMC) solutions

Sodium carboxymethyl cellulose of Mw = 250 kDa was pur-
chased from Sigma-Aldrich, with the degree of substitution (DS)
specified by the manufacturer to be 0.8–0.95 and was used with-
out further purification. Aqueous polyelectrolyte solutions were pre-
pared first, by slowly and carefully adding dry polymer powder to de-
ionized water. The aqueous polymer solutions were left on a roller
for a minimum of three days to ensure slow and complete mixing
without chain breakup that is usually associated with high mixing
flows. Glycerol and salt were added after the cellulose gums dissolved
in water, and the solutions were left on a roller for four extra days
on glycerol addition and for additional 2–3 days on subsequent salt
addition.

Shear rheology characterization

The shear rheology response of sodium carboxymethyl cellu-
lose (NaCMC) solutions was characterized using a concentric cylin-
der (double gap) Couette cell and cone and plate geometry (cone
diameter of 50 mm and cone angle of 1○) on an Anton Paar MCR
302 rheometer at 25 ○C. For typical measurements, the shear rate in
the range of 1–103 s−1 was applied to the polyelectrolyte solutions
to measure shear stress and determine the steady shear viscosity,
η(γ̇) = τ�γ̇.
Extensional rheology characterization using
dripping-onto-substrate (DoS) rheometry

The experimental system used for DoS rheometry consists of a
dispensing system and an imaging system, shown in Fig. 2. A finite
volume of fluid is dispensed through a stainless steel nozzle onto a
clean glass substrate at a height H below the nozzle. The radius of
the nozzle is kept constant for all experiments, with an outer diame-
ter of D0 = 2R0 = 1.27 mm and inner diameter of Di = 0.838 mm.
The flow rate was fixed, Q = 0.02 ml/min, and an aspect ratio of
H/D0 ≈ 3 was used. The imaging system includes a light source, dif-
fuser, and high speed camera (Fastcam SA3). A Nikkor 3.1× zoom
(18–25mm) lens is also used with amacro lens tomaximizemagnifi-
cation at the frame rates used (8000–25 000 fps). The DoS videos are
further analyzed with ImageJ and specially written MATLAB codes
for determination of the minimum neck radius from every snapshot.
Several recent publications provide details about DoS rheometry
protocols and describe pinch-off dynamics and extensional rheology
response for complex fluids, ranging from polymer and polyelec-
trolyte solutions49–54,90–93 to inks51,94 to micellar solutions,51,95–97 as
well as multicomponent power law fluids.51
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FIG. 2. Schematic for Dripping-onto-Substrate (DoS) rheometry. A liquid bridge with neck that undergoes thinning is formed by dispensing a desired amount of test fluid
through a nozzle placed at a height H above a glass substrate. A light source with a diffuser is utilized for backlighting the liquid bridge, and the images are captured using a
high speed camera (equipped with suitable magnification optics) connected to a laptop used for image acquisition and subsequently for image analysis.

RESULTS AND DISCUSSION

Steady shear viscosity of NaCMC solutions: Influence
of glycerol and salt

Steady shear viscosity of aqueous NaCMC solutions as a func-
tion of shear rate included in Figs. 3(a) and 3(b) shows the expected
concentration-dependent increase in shear viscosity. Although a
similar increase occurs for NaCMC solutions formulated in a
glycerol-water mixture (70/30 w/w), a higher degree of shear thin-
ning is exhibited in the mixed solvent (that itself has a higher
viscosity of ηs = 0.018 Pa s). The zero shear viscosity, η0, val-
ues, extracted from the rate-independent steady shear viscosity,
are shown in Fig. 3(c). The exponent α obtained from power law
fit (η0 ∝ cα) to the data (shown as solid lines) changes from
α = 0.5 to 1.5 for aqueous and from α = 0.76 to 2.8 in the

glycerol-water mixture (fits and errors are summarized in the sup-
plementary material). The contribution of polymer to solution vis-
cosity can be quantified by computing specific viscosity, ηsp = (η0− ηs)/ηs. As NaCMC is used as a thickener, we primarily focus on
the rheological response for concentrations that give ηsp > 1 or lie
in the non-dilute regime. Polymer solutions are considered dilute,
with non-interacting coils, for concentrations below an overlap con-
centration, c∗, that can be defined as the concentration at which the
volume available per polymer coil approaches pervaded volume of a
coil, leading to solution viscosity twice that of pure solvent or ηsp
= 1. We estimate the overlap concentration c∗ = 0.007 wt. % for
aqueous solutions and a much higher value c∗ = 0.03 wt. % for solu-
tions in the glycerol-water mixture, from the viscosity data shown in
Fig. 3(d) by extrapolating to concentration where specific viscosity
equals 1.

FIG. 3. Steady shear rheology response
of NaCMC solutions in water contrasted
with solutions in a glycerol-water mixture
(70/30 w/w). (a) Steady shear viscosity
as a function of shear rate for aque-
ous solutions exhibits a concentration-
dependent increase and a slight shear
thinning behavior at higher concentra-
tions. (b) Steady shear viscosity as
a function of shear rate of NaCMC
in glycerol-water mixtures increases
with concentration; however, the overall
increase is higher compared to the aque-
ous case. (c) Concentration-dependent
variation in zero shear viscosity appears
to be stronger for the glycerol-water mix-
ture. (d) Specific viscosity as a func-
tion of concentration: aqueous solu-
tions exhibit scaling quite consistent
with theoretical models and experiments
described in the literature. Addition of
glycerol decreases coil size in unen-
tangled solutions, increases the back-
ground solvent viscosity, and also leads
to a stronger concentration-dependent
increase in viscosity values in both unen-
tangled and entangled solutions.
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The intrinsic viscosity values estimated using c∗[η] = 1 are[η]NaCMC
W ≈ 143 dl/g and [η]NaCMC

GW ≈ 33 dl/g, respectively, which are
comparatively large in contrast to [η]PEO ≈ 6 dl/g measured for aque-
ous polyethylene oxide (PEO) solution (neutral polymer in a good
solvent, with Mw = 1000 kDa) or compared to [η]EHEC ≈ 3.33 dl/g
measured for non-ionic ethyl hydroxyethyl cellulose (EHEC) with
comparable Mw = 240 kDa.49,98 The higher intrinsic viscosity val-
ues of aqueous solutions NaCMC compared to aqueous PEO or
EHEC solutions are due to larger pervaded volume of the electro-
statically stretched chains. The intrinsic viscosity values measured
here for NaCMC decrease by 4.5 times in glycerol/water (70/30 w/w)
mixtures, implying that the pervaded volume is much smaller.
The overlap concentration and intrinsic viscosity values determined
from our experimental data compare well with the corresponding
values obtained by Lopez et al.79–81 for aqueous NaCMC solutions
made with polymer with similar Mw and DS (and possibly, simi-
lar amount of residual salt, for these were obtained from the same
supplier). However, Lopez et al.79–81 also determined that viscosity
values give much higher overlap concentration (c∗ = 0.007 wt. %)
than obtained using scattering (c∗ = 0.0003 wt. %). The specific vis-
cosity vs concentration data shown in Fig. 3(d) exhibit two regimes:
ηsp∝ c0.62 and ηsp∝ c3/2 in aqueous NaCMC solutions that too com-
pare well with the values reported by Lopez et al.80,81 The scaling in
the first regime is similar to the ηsp ∝ c1/2 scaling, also referred to
as the Fuoss law,99–105 and reported to be the characteristic behav-
ior for semi-dilute, unentangled polyelectrolyte solutions.99–117 The
ηsp ∝ c3/2 scaling observed in the second regime matches the scal-
ing theory prediction for entangled polyelectrolyte solutions made
by Dobrynin, Colby, and Rubinstein,99–101,106 and the exponent is
weaker than the value ηsp∝c1.7 predicted by Muthukumar.104,105,112

In contrast with aqueous solutions, a stronger concentration
dependence of ηsp ∝ c0.95 and ηsp ∝ c2.8 is observed for the NaCMC
solutions in the glycerol-water mixture (70/30 w/w), as shown in
Fig. 3(d). On close inspection of the data shown in Fig. 3(d), we find
that even though the entanglement concentration ce = 0.37 wt. % for
aqueous solution is comparable to ce = 0.5 wt. % for solutions in the

glycerol-water mixture, due to an increase in overlap concentration,
the semi-dilute, unentangled region shrinks, as ce/c∗ = 53 decreases
to ce/c∗ = 17 on addition of glycerol. Similarly, a stronger expo-
nent for a concentration-dependent increase in specific viscosity
ηsp ∝ cα in glycerol-water solutions was reported in an earlier study
for unentangled poly(acrylic acid) (PAA) solutions (α = 0.7 rather
than 1/2) and entangled NaPSS solutions (1.1 rather than 0.85).52
Glycerol has three hydroxyl groups that promote its solubility in
water and provide sites for hydrogen bonding, and the addition of
glycerol decreases the dielectric constant by nearly 2/3, thus decreas-
ing both the magnitude and screening length of electrostatic interac-
tions. Thus, the observed change in scaling or concentration range of
the semi-dilute, unentangled regime observed in Fig. 3(d) on addi-
tion of glycerol is primarily due to the influence of electrostatics,
with additional influence from changes in effective solvent quality,
hydrophobic effect, and hydrogen bonding.

Addition of salt modifies shear rheology
of NaCMC solutions

The influence of ionic strength on the steady shear viscosity is
illustrated by the comparisons shown in Fig. 4(a) for two NaCMC
(0.06 wt. % and 0.6 wt. %) solutions. Addition of salt, even at a
relatively low concentration (0.005M NaCl), results in a profound
decrease in the zero shear viscosity, and additional reduction occurs
in a high salt concentration of 0.1M. The relative decrease in the
steady shear viscosity is more pronounced at the lower polymer con-
centration [see the data for 0.06 wt. % in Fig. 4(a)]. A similar decrease
in the zero shear viscosity on salt addition has been reported before
for aqueous NaCMC solutions.79–81 The specific viscosity as a func-
tion of the concentration of NaCMC plotted in Fig. 4(b) shows two
distinct scaling regimes for c/c∗ > 1 with ηsp ∝ c0.95 and ηsp ∝ c2.8,
respectively, for no added salt solutions and ηsp ∝ c1.6 and ηsp ∝ c2.8
for excess salt (0.1M).

Upon addition of salt, the coil size decreases significantly, lead-
ing to an increase in overlap concentration to c∗ = 0.06 wt. % for

FIG. 4. Influence of added salt on shear viscosity of NaCMC solutions in the glycerol-water mixture (70/30 w/w). (a) Steady shear viscosity as a function of shear rate
contrasting the effect of salt concentration for two polyelectrolyte concentrations: c = 0.06 wt. % and c = 0.6 wt. %. (b) Specific viscosity as a function of concentration shows
two distinct scaling regimes for the salt-free case: ηsp ∝ c0.95 and ηsp ∝ c2.8 in the semi-dilute, unentangled and semi-dilute, entangled regimes, respectively. Even though
the specific viscosity displays two distinct regimes for 0.05M and 0.1M NaCl that differ from the no added salt case, the ηsp ∝ c1.1 fit corresponds to the dilute regime, the
ηsp ∝ c1.6 fit corresponds to the semi-dilute, unentangled regime, and the ηsp ∝ c2.8 fit corresponds to the semi-dilute, entangled regime.
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0.005M and c∗ = 0.12 wt. % for 0.1M NaCl solutions, respectively,
in comparison with c∗ = 0.03 wt. % for solutions with no added
salt prepared in the glycerol-water mixture (70/30 w/w). The cor-
responding intrinsic viscosity values are [η]NaCMC

0.005M ≈ 16.5 dl/g and[η]NaCMC
0.1M ≈ 8.3 dl/g. Since the specific viscosity values ηsp < 1 for c< 0.12% on addition of salt, in contrast to ηsp < 1 for c < c∗(=0.03

wt. %), the NaCMC in the glycerol-water mixture (no added salt)
displays a semi-dilute regime over an extra decade of concentra-
tion. The semi-dilute, unentangled regime in excess salt (0.1M)
exhibits ηsp∝ c1.6 before transitioning to ηsp∝ c2.8 in the semi-dilute,
entangled regime. The specific viscosity values for NaCMC solutions
in the glycerol-water mixture (70/30 w/w) without added salt and
with excess salt (0.1M) exhibit similar magnitude and concentration
dependence in the entangled regime.

Pinch-off dynamics of NaCMC solution
in glycerol/water mixtures

Dripping-onto-substrate (DoS) rheometry protocols were uti-
lized to visualize the capillary-driven thinning and breakup, and
Figs. 5(a) and 5(b) show the image sequences obtained for unen-
tangled NaCMC concentrations c = 0.02 wt. % and 0.06 wt. % in
glycerol-water mixtures (70/30 w/w) with no added salt and 0.1M
NaCl, respectively. Conical necks, connected to a sessile drop by a

thin filament, appear in the image sequences shown in Figs. 5(a)
and 5(b). The formation of a conical neck shape is a character-
istic feature of the inertiocapillary (IC) thinning response exhib-
ited during the capillary-driven thinning of low viscosity (inviscid)
fluids such as water. The radius evolution data for IC response
follows a viscosity-independent, power law expression55,118–120
R(t)/R0 = X((tf − t)/tR)2/3, where R0 is the outer radius of the noz-
zle, and the pre-factor X is historically quoted to have the value of
either 0.8 or 0.65, although recent papers find a lower value ofX ≈ 0.4
for glycerol-water solutions.121 Rayleigh time tR = (ρR0

3/σ)1/2 defines
the characteristic time scale for inertiocapillary thinning120–122 for a
fluid with density, ρ, and surface tension, σ. In all three cases shown,
a slender filament appears in the late stage and suggests a possible
role for viscoelastic effects, contributed by stretching and orientation
of macromolecular chains in response to strong uniaxial extensional
flow encountered in the neck.

The overall pinch-off time, we hereafter refer to as filament
lifespan, tf , for NaCMC solutions in the glycerol-water mixture is
less than 15ms, whereas for aqueous NaCMC solutions, the filament
lifespan is significantly shorter. Solutions with such low viscosities
and short pinch-off times cannot be analyzed using CaBER mea-
surements. The corresponding radius evolution plots for NaCMC
solutions in the glycerol-water mixture (70/30 w/w) with salt-free
and excess salt (0.1M NaCl) are included in Figs. 5(c) and 5(d) on a

FIG. 5. Capillary thinning and breakup dynamics of NaCMC solutions in glycerol/water (70/30) mixtures. (a) Image sequences, acquired between 19 000–25 000 fps, for
solutions with c = 0.02 wt. % and 0.06 wt. %, show that the thinning neck begins to assume conical shape, but a narrow cylindrical thread appears in the late stage. The
conical shape is a characteristic feature of inertiocapillary thinning, and the appearance of the thread suggests that viscoelastic stresses are triggered before breakup. Images
shown are 3 ms apart (supplementary material, videos). (b) Image sequences for the corresponding concentrations in a high salt system show that the addition of salt does
not create a large change in the filament shape. The scale bar represents 0.5 mm. (c) Radius evolution data for solutions with salt-free is contrasted against (d) the datasets
obtained for the solutions with excess salt (0.1M NaCl). The insets show the radius evolution plots on a semi-log scale, and the dotted lines show the fits used for extracting
extensional viscosity and extensional relaxation time.
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linear-linear axis. Since radius evolution data for polymer solutions
are typically plotted using log-linear plots, we included the semi-log
version of radius evolution plots in the inset. The initial thinning
dynamics is a solvent-driven, viscosity-independent inertiocapillary
(IC) response, and hence, all the curves appear indistinguishable
in the first stage. In the last stage leading to pinch-off, the radius
evolution data show departure from the IC behavior, and as vis-
coelastic effects lead to concentration-dependent delay in pinch-off,
the radius evolution data can be analyzed, as discussed next.

The Entov–Hinch model123 or its variants discussed in
Refs. 33, 61, 62, and 124–126 describe the neck thinning dynam-
ics using three distinct regimes for polymer solutions in a viscous
solvent: (I) initial inertiocapillary (IC) regime for low viscosity flu-
ids or viscocapillary (VC) regime with a linear decrease in radius
[Eq. (1)]; (II) intermediate elastocapillary (EC) regime, with an
exponential decay in the neck radius [Eq. (2)]; and (III) a termi-
nal visco-elastocapillary (TVEC) response [Eq. (3)] that arises due
to finite extensibility effects. The three distinct scaling laws can be
described by the following expressions:

R
R0
= 0.0709� tfv − t

tvc
�, (1)

R(t)
R0
≈ �GER0

2σ �
1�3

exp[−(t − tc)�3λE], (2)

R(t)
R0
= σ
2R0η∞E

(tf − t) = 1�2
OhTr∞ �

tf − t
tR
�. (3)

Here, tfv represents the pinch-off time and the viscocapillary time
tvc = η0R0/σ represents a time scale for VC thinning set by the zero

shear viscosity and surface tension. In the EC expression, the use
of single exponential implies that elastocapillary thinning regime is
dominated by a longest relaxation time, λE, and characterized by a
constant Weissenberg number,WiEC = ε̇ECλE = 2�3. Expression (2)
differs from the most often cited Entov–Hinch expression123 in uti-
lizing λE as a time scale different from the longest shear relaxation
time, GE, as an apparent extensional modulus and the computed
elastocapillary behavior in terms of a shifted time scale, as detailed in
our previous contributions.49–53 Fitting the TVEC regime by Eq. (3)
yields the measurements of steady, terminal extensional viscosity
η∞E . Here, Tr∞ = η∞E �η is the terminal Trouton ratio and tf refers to
the filament lifespan. For systems influenced by viscoelastic effects
with short EC regimes and TVEC regimes present, the radius evolu-
tion can be fit using the following semi-empirical expression based
on an equation proposed by Anna and McKinley:63

R(t)
R0
= A exp(−B(t − tc)) − C(t − tc) +D. (4)

Here, the parameter B can be interpreted as a measure of the longest
relaxation time (approximately B ≈ 1/3λE), while the parameter C
can be used for determining the steady, terminal extensional viscos-
ity value. The transition point, tc, was obtained from the derivative
dR/dt of the data, and filament lifespan can be determined from
tf = tc + (D/C). Image sequences, taken at 8000–19 000 fps, for con-
centrations c = 0.4 wt. %, �t = 10 ms and 1 wt. %, �t = 40 ms of no
added salt and 0.1MNaCl solutions are shown in Figs. 6(a) and 6(b).
In contrast to the conical neck shape observed for lower concentra-
tion solutions, as shown in Figs. 5(a) and 5(b), here the neck shape
converges to a slender, cylindrical shape rather quickly. The radius
evolution profiles are compared for four solutions each in the con-
centration range, c = 0.4–1 wt. %, that corresponds to semi-dilute,

FIG. 6. Capillary thinning and pinch-off
dynamics of NaCMC solutions in glyc-
erol/water mixtures characterized using
DoS rheometry. [(a) and (b)] Image
sequences for c = 0.4 wt. % and c
= 1 wt. % are contrasted for no salt
and high salt (0.1M NaCl). The scale
bar corresponds to 0.5 mm, and each
frame is separated by 10 ms (supple-
mentary material, videos). (c) Radius
evolution data plotted on linear-linear
axes for four concentrations in the range
c = 0.4–1 wt. % (no added salt) show a
concentration-dependent increase in fil-
ament lifespan. The corresponding data
are also shown in the inset on semi-
log axes. (d) Radius evolution data
at matched concentrations for solutions
with a high salt (0.1M NaCl).
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TABLE I. Concentration-dependent increase in measured values of zero shear viscosity obtained from steady shear viscosity
data and corresponding values of extensional relaxation time, filament lifespan, and steady, terminal extensional viscosity
obtained from the analysis of radius evolution data acquired using the DoS rheometry protocols.

NaCMC No added salt High salt (0.1M NaCl)

c (wt. %) η0 (Pa⋅s) λE (ms) η∞E (Pa⋅s) tf (ms) η0 (Pa⋅s) λE (ms) η∞E (Pa⋅s) tf (ms)

0.04 0.044 11 0.023 0.39 1.1 10
0.06 0.055 0.7 1.2 13 0.026 0.66 1.7 12
0.08 0.066 0.84 1.6 15 0.029 0.81 2.0 12
0.1 0.075 1.3 2.0 16 0.032 1.0 2.4 13
0.2 0.13 2.9 5.7 29 0.052 2.2 6.2 20
0.3 0.18 4.3 7.2 40 0.081 2.8 7.1 28
0.4 0.25 5.4 9.8 50 0.12 4.2 9.2 40
0.6 0.48 9.4 14 85 0.27 7.4 14 68
0.8 1.0 16 18 135 0.62 13 19 119
1.0 2.0 27 28 228 1.3 21 24 183

entangled regimes for both no salt and high salt (0.1M NaCl) solu-
tions. The values of extensional relaxation time, filament lifespan,
and terminal extensional viscosity obtained after analyzing the data
included in Figs. 5 and 6 are listed in Table I and discussed together
with Figs. 8 and 9 later in the manuscript.

Transient extensional viscosity of entangled
NaCMC solutions

The conformation changes that arise due to stretching and ori-
entation from the extensional flow contribute to elastic stresses ηE ε̇
that compete with the capillary stresses σ/R in the elastocapillary
and finite extensibility (TVEC) regime. Using the value of radius
as a function of time, the capillary or extensional stress as well
as extension rate, ε̇ = −2(dR�dt)�R, can be computed and used
for determining the apparent or transient extensional viscosity as
follows:

ηE = σ
ε̇R = − σ

2dR(t)�dt . (5)

The EC regime is characterized by a constant extensional rate,
and for each concentration, the rate is distinct and set by a local

balance of forces. The total accumulated strain in the liquid neck,
or Hencky strain, ε = 2 ln(R0/R(t)), continuously increases in both
EC and TVEC regimes. Following standard protocols in capillary
breakup studies,33,63,75 we show a comparison of the transient exten-
sional viscosity as a function of the Hencky strain in Fig. 7 for
no salt and salt added NaCMC solutions. The extensional viscosity
response seems qualitatively similar in both cases: strain hardening
is observed and the viscoelastic stress seems to saturate, yielding
a strain-independent regime, which leads to the measurement of
steady, terminal extensional viscosity.

Filament lifespan and apparent universality in radius
evolution profile

The filament lifespan, tf , obtained from the radius evolution
data using Anna–McKinley fits is contrasted with the apparent fil-
ament span, tfa, obtained by visually examining the radius evo-
lution plot in Fig. 8. The slight mismatch between the values is
somewhat expected as even though the Anna–McKinley fit cap-
tures the combined effect of elastocapillary and finite extensibility
regimes, it is not an exact solution to the force balance. As the radius

FIG. 7. Extensional rheology response of
NaCMC solutions in glycerol/water mix-
tures. Extensional viscosity as a function
of the Hencky strain: (a) no salt system
and (b) high salt system. The viscosity
plots for all concentrations show strain
hardening, as well as the finite extensibil-
ity regime that can be analyzed to obtain
the steady, terminal extensional viscosity
(see Table I).
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FIG. 8. (a) Filament lifespan as a func-
tion of concentration. Two sets of values
are obtained: one determined by directly
reading the end-point from the datasets
and the other from the Anna–McKinley
fit. The difference between the two is
marginal. (b) Radius evolution profiles
plotted against time scaled by the appar-
ent filament span, tfa, show qualitatively
similar profiles for entangled solutions.

evolution profiles appear to be quite similar, and partially inspired
by the rescaled radius evolution plots for guar gum solutions shown
by Torres et al.,18 we plot the radius evolution data as a function
of scaled time, by taking the ratio of time to the filament lifespan.
The qualitative shape of the curves appears to be matched, but the
apparent universal curve requires knowledge of how filament lifes-
pan itself depends on the concentration [see Table I and Fig. 8(a)].
The concentration-dependent increase shows a power law depen-
dence of c1.6 that cannot be anticipated by the scaling observed in
the steady shear viscosity datasets shown in Figs. 3 and 4.

Extensional relaxation time and steady, terminal
extensional viscosity

The terminal extensional viscosity values as a function of con-
centration are shown in Fig. 9(a) and included in Table I. In the
semi-dilute, unentangled regime, η∞E ∝ λE or terminal extensional
viscosity values are nearly proportional to the extensional relaxation
time. The corresponding concentration dependence in the entangled
regime is nearly linear in concentration for terminal extensional vis-
cosity, η∞E ∝ c1.1; however, the extensional relaxation time displays a
stronger dependence, λE ∝ c1.7. Recently, Dinic and Sharma53 reex-
amined the relationship between λE and η∞E to argue that the linear
relationship η∞E ∝ λE observed first by Stelter et al.61,62 for both flex-
ible and semi-flexible polymers was a consequence of making the

comparisons in the semi-dilute, unentangled regime for a restricted
concentration range (1 < c/c∗ < 3). The experimental results for
NaCMC solutions show that a breakdown in linear dependence
could occur in entangled systems or if an expanded concentration
range is considered.

The ratio of the steady, terminal extensional viscosity and the
corresponding zero shear viscosity values can be used for estimat-
ing the terminal Trouton ratio as Tr∞ = ηE∞/η0. In the unentangled
regime, values increase with concentration in range from Tr∞ = 20
to 30 for no added salt, whereas the salt added solutions show sig-
nificantly higher values in the range of Tr∞ = ηE∞/η0 = 90–120.
In entangled solutions, the values of Tr∞ show a concentration-
dependent decline, and at 1 wt. %, Tr∞ = 16 is obtained both with
and without salt. However, as entangled solutions exhibit substantial
shear thinning, the apparent Trouton ratios at matched deformation
rates are expected to be higher. Dinic et al. showed50 that the abso-
lute values of the extensional viscosity of intrinsically semi-dilute,
unentangled polymer solutions (PEO, Mw = 106 Da) are 250–3200
times higher than their zero shear viscosity, and in dilute PEO solu-
tions, Tr∞ = 103–106 can be observed. The value of the terminal
Trouton ratio depends on both the absolute value of zero shear
viscosity and extensional viscosity, which depends on extensibility,
L = Rmax��R2�1�2 = N1−υ

K (defined as the ratio of the size of a chain
stretched by flow to the size of the unperturbed coil). As extensibility
depends both on the value of the solvent quality exponent υ and the

FIG. 9. (a) Terminal, steady extensional
viscosity and (b) extensional relaxation
time both show similar concentration-
dependent variation in the semi-dilute,
unentangled regime for no added salt
(open symbols) and high salt (closed
symbols) solutions. However, in the
entangled regime, the concentration-
dependent increase in relaxation time
shows a larger exponent (λE ∝ c1.7)
than displayed by terminal extensional
viscosity, η∞E ∝ c1.1.
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number of Kuhn segments, NK (or molecular weight), neutral poly-
mers such as PEO are more extensible than polysaccharides and
polyelectrolytes of similar molecular weight and, hence, have a
higher Tr∞ value. Likewise, higher Tr∞ for excess salt NaCMC solu-
tions is due to higher extensibility, correlated with a decrease in coil
size on addition of salt, even though Rmax remains unaffected.

Extensional relaxation time λE values obtained from the elas-
tocapillary response are shown in Fig. 9(b) for both no salt and
excess salt solutions. The addition of salt causes a minimal decrease
in the extensional relaxation time, but the values are nearly iden-
tical. In contrast, the specific viscosity values show a signifi-
cant difference in absolute values at matched concentration and
exhibit a distinct concentration-dependent variation in the unentan-
gled regime. The NaCMC solutions in the glycerol-water mixture
(70/30 w/w) show a concentration-dependent scaling of λE ∝ c1.2
in the semi-dilute, unentangled regime and λE ∝ c1.7 in the semi-
dilute, entangled regime. The scaling exponent for concentration
dependence in the entangled regime is similar to the exponent
observed for filament lifespan, but the exponents obtained for fil-
ament lifespan in the unentangled regime are somewhat lower.
The concentration-dependent scaling behavior shown by λE data in
both regimes is strikingly different from the shear relaxation time
values predicted by scaling theory to be λ ∝ c−1/2, in the semi-
dilute, unentangled and the entangled regime, λ ∝ c0 (indepen-
dent of concentration), respectively, and measured experimentally.
In contrast, in a previous contribution,52 we found that the data
acquired using DoS rheometry for poly(acrylic acid) or PAA solu-
tions exhibit a concentration-dependent scaling of λE ∝ c1/2 for
the unentangled, semi-dilute regime and λE ∝ c3/2 for the entan-
gled regime. The observed concentration-dependent increase in
extensional relaxation time for NaCMC solutions (as well as those
reported for PAA) is much weaker than λE ∝ c14/3 reported for the
aqueous solutions of a neutral polymer, polyethylene oxide (PEO)
in the entangled regime using CaBER measurements127,128 and
λE ∝ c3.8 reported for entangled solutions of cellulose in an ionic
liquid.129

Since the measured values of extensional relaxation time (rang-
ing from 0.4 ms to 27 ms) listed in Table I are relatively short, the
role of viscoelasticity is apparent only at high deformation rates,
which are spontaneously generated in thinning liquid necks, and can
also be realized in high speed coating, extrusion, and flow through
porous media. The experimental results for the overall pinch-off
time, as well as the measured relaxation times of the semi-dilute
polyelectrolyte solutions, also show that the effect of the increase
in solvent viscosity on addition of glycerol is offset to some extent
by a decrease in the pervaded volume of the polyelectrolyte chains.
However, even though addition of salt leads to a difference in over-
lap concentration, intrinsic viscosity, pervaded volume, ce/c∗, and
measured specific viscosity values, the extensional relaxation time
and terminal extensional viscosity hardly change on addition of
salt as the stretched chains in the presence and absence of salt are
hydrodynamically equivalent in semi-dilute solutions made in the
glycerol-water mixture.

The NaCMC solutions show a relatively short elastocapillary
region, in contrast to the well-defined transition from the IC to
EC regime observed for experiments carried out with more flexi-
ble polymers,49–53,65,130,131 including neutral polymers such as PEO
(Mw = 300 kDa, 600 kDa, 1000 kDa, 2000 kDa, and 5000 kDa) and

charged polymers such as PAA solutions (Mw = 450 kDa). In fact, the
λE values are measurable for c > 0.05c∗ for aqueous PEO solutions,
and as the prolonged elastocapillary regime leads to a significant
delay in pinch-off, the EC contribution dictates the overall filament
lifespan.53 In contrast, even the semi-dilute, unentangled solutions
of NaCMC in the glycerol-watermixture pinch-off in relatively short
time and emulate the behavior shown by NaPSS solutions:52 in both
cases, the pronounced electrostatics-induced stretching and lower
extensibility are at play, whereas for more flexible polymers, the
onset and span of the elastocapillary regime are presumably set by
coil-stretch transition and hysteresis.52,53,124

Cellulose gum as food thickener

The addition of NaCMC increases shear and extensional vis-
cosity of both aqueous and glycerol-added solutions substantially.
Practically, for the same weight fraction, polyelectrolytes such as
NaCMC boost shear viscosity more significantly than neutral poly-
mers or gums of comparable molecular weight. Decreasing the
amount of rheological modifier needed for comparable shear vis-
cosity enhancement leads to lower material costs. Stretching due to
electrostatic interactions leads to more expanded conformations for
polyelectrolytes, leading to a significantly lower overlap concentra-
tion in contrast to neutral polymers. However, the concentration-
dependent viscosity increase and the coil size as well as overlap
concentration are all quite sensitive to addition of salt as well as
glycerol, both of which tend to be ingredients in many food prod-
ucts. In particular, we found that the addition of glycerol leads to a
decrease in intrinsic viscosity and, thus, a decrease in pervaded coil
size that to some extent off-sets the thickening effect expected on the
basis of an increase in solvent viscosity. Addition of salt exercises a
much stronger influence on electrostatic interactions and the shear
rheology response.

The DoS rheometry protocols emulate the heuristic tests of
thickening, stickiness, or cohesiveness based on dripping a sauce
from a ladle or practically emulate dispensing of a controlled vol-
ume of a fluid. As inviscid, viscous, power law and viscoelastic fluids
exhibit distinct neck shape before pinch-off, a qualitative difference
in formulation rheology can be obtained by just examining snap-
shots obtained using the DoS rheometry setup. The quantitative
analysis of the neck thinning dynamics yields extensional rheology
response, and the solutions that display shear thinning are strain
hardening in response to extensional flow fields. The steady, termi-
nal extensional viscosity and extensional relaxation time of NaCMC
solutions in the glycerol/water mixture were found to be insensitive
to the amount of salt added, even though the zero shear viscosity
significantly decreased on salt addition. The addition of NaCMC at
c < 1 wt. % exercises a profound influence on zero shear viscos-
ity or rate-dependent shear viscosity, and yet, the low extensibility
of charged polysaccharides results in a relatively short elastocapil-
lary regime. The combination of suitable shear thinning behavior
and relatively short filament lifespan (and suppression of satellite
drop formation) are ideal for drop formation and liquid trans-
fer applications. However, longer breakup times are desirable for
promoting cohesiveness, stringiness, or stickiness. Extensional vis-
cosity, filament lifespan, and perceived stringiness or stickiness of
formulations all increase progressively with polymer concentration
(and molecular weight). We envision that DoS rheometry protocols
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will be used in both qualitative and quantitative characterization of
recipes for sauces or diets for dysphagia management. Additionally,
we hope that the understanding of how both shear rheology and
extensional rheology of charged polysaccharide cellulose gum are
influenced by the addition of glycerol and salt will provide ability
for designing food formulations with tunable flow properties.

CONCLUSIONS

We characterized the shear and extensional rheology response
of solutions of sodium carboxymethyl cellulose (NaCMC) or cel-
lulose gum (Mw = 250 kDa), a polysaccharide with charge-bearing
repeating groups often used as a rheology modifier in food formula-
tions. NaCMC in aqueous solutions exhibit a remarkably low value
of overlap concentration, c∗ = 0.007 wt. % (neutral, flexible polymer
PEO ofMw = 1000 kDa shows c∗ = 0.17 wt. %),50,53 which increases
upon addition of glycerol (in 70/30 w/w mixture) to c∗ = 0.03 wt. %
and rises further to c∗ = 0.06 wt. % upon addition of just 0.005M
salt and to c∗ = 0.12 wt. % upon addition of 0.1M salt to the mixed
solvent. The addition of salt leads to a substantial drop in specific vis-
cosity. Additionally, even though glycerol, a higher viscositymiscible
solvent, is often added to increase the solution viscosity, our results
show that a decrease in the pervaded volume of charged macro-
molecules significantly offsets the impact of higher solvent viscos-
ity. The concentration-dependent increase in the specific viscosity
exhibits ηsp ∝ c0.62 and ηsp ∝ c3/2 for aqueous NaCMC solutions,
close to values anticipated by scaling theory. In contrast, the solu-
tions in the glycerol-water mixture (70/30 w/w) show a stronger
concentration dependence of ηsp ∝ c0.95 and ηsp ∝ c2.8, respectively,
for no added salt, and ηsp ∝ c1.6 and ηsp ∝ c2.8 on addition of salt.
The entanglement concentration ce = 0.37 wt. % for aqueous solu-
tion is comparable to ce = 0.5 wt. % for solutions in the glycerol-
water mixture, but as c∗ increases on addition of glycerol, the value
ce/c∗ = 53 decreases to ce/c∗ = 17. In addition to electrostatics,
changes in effective solvent quality, hydrophobic effect, and hydro-
gen bonding contribute to stronger exponents for NaCMC solutions
in glycerol-water mixtures and influence the observed value of c∗
and ce/c∗.

We characterized the pinch-off dynamics and extensional rhe-
ology response of NaCMC solutions in the glycerol-water mixture
(70/30 w/w) using dripping-onto-substrate (DoS) rheometry pro-
tocols. Due to the electrostatic pre-stretching of chains, NaCMC
chains exist in a relatively extended conformation and, due to longer
persistence length and fewer Kuhn segments, the elastocapillary
regime for all NaCMC solutions appears to have amuch shorter span
than observed for flexible neutral polymers such as PEO. In the semi-
dilute unentangled regime, the measured values of both η∞E and λE
appear to show a nearly matched linear concentration dependence
for NaCMC solutions in the glycerol-water mixture. However, in the
entangled regime, η∞E exhibits a nearly linear increase in contrast
to a stronger power law observed for extensional relaxation time,
λE ∼ c1.7. Most importantly, the addition of salt has relatively little
influence on the magnitude or a concentration-dependent increase
in η∞E and λE of NaCMC solutions, even though the shear rhe-
ology response is markedly distinct. Finally, the Trouton ratio,
Tr∞ = ηE∞/η0, determined from rate-independent extensional and
shear viscosity values increases Tr∞ = 20–30 for no added salt
in semi-dilute, unentangled solutions. Significantly higher values

Tr∞ = ηE∞/η0 = 90–120 are obtained in high salt (0.1M) solutions
in the glycerol-water mixture (70/30 in w/w). However, in entan-
gled solutions, the values of Tr∞ show a concentration-dependent
decline, and at 1%, Tr∞ = 16 is obtained both with and with-
out salt. Thus, NaCMC (Mw = 250 kg/mol) as a food thickener
provides a substantial increase in zero shear viscosity and ade-
quate degree of shear thinning but without substantially chang-
ing capillary breakup and dispensing behavior. We envision and
hope that the DoS rheometry protocols described herein will inspire
food scientists and engineers to investigate the extensional rheology
response and design food products with a better understanding of
the complex interplay between electrostatics and macromolecular
hydrodynamics, as well as a better (quantitative, rather than heuris-
tic) understanding of the response to extensional flows in culinary
applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for four videos showing
capillary-driven thinning and breakup of NaCMC solutions that are
included online and for a table that lists the exponents and errors
obtained by fitting the concentration-dependent values reported in
this manuscript.
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