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Abstract

Rheological measurements in which the applied stress or strain is oscillated are widely used to interrogate viscoelastic properties due to the
independent control over the time scale and length scale afforded by changes in amplitude and frequency. Taking a nontraditional approach,
we treat stress-controlled oscillatory tests as creep tests with transiently varying stress and apply an analysis typically used for steady creep
and recovery experiments. Defining zero strain as the state prior to external shearing, it is shown that strain responses to small-amplitude oscil-
latory stressing are naturally shifted from the starting point by an amount proportional to the phase of the applied stress. The phenomenology
is experimentally observed with entangled polymerlike micelles and polyethylene oxide solutions. A theory of strain shifting in the steady
alternating state is provided based on recovery rheology, where differences between total strain and recoverable strains are acknowledged.
User-controlled variables, such as the amplitude of the stress, the angular frequency, and the phase of the stress, as well a lone material param-
eter, the zero-shear viscosity, are shown to dictate the amount of shifting. A rapid and efficient approach of determining the zero-shear viscos-
ity is, therefore, presented. We investigate the microstructural evolution via in situ small-angle neutron scattering when strain shifting appears.
The microscopic orientation is shown to correlate to the recoverable strain independent of the shifting. Additional measurements are carried
out on collagen, pluronic-hyaluronic acid, alginate gels, and polystyrene melts to show the generic nature of the strain shift phenomenon. In
addition, we demonstrate that the strain-shift knowledge can be applied to determine the horizontal shift factor in time-temperature superposi-
tion, free of any numerical fitting procedures. © 2019 The Society of Rheology. https://doi.org/10.1122/1.5111358

I. INTRODUCTION

To engineer soft materials with tailored flow properties
requires an understanding of the molecular motion and flow
behaviors of the material constituents. A material’s viscoelas-
ticity is a direct consequence of molecular motions. To this
end, oscillatory shear rheology is widely used as a technique
to interrogate viscoelastic properties, owing to the indepen-
dent control over the time scale and length scale afforded by
changes in amplitude and frequency [1–3].

Oscillatory shearing can be applied by imposing either the
stress (torque) or the strain (displacement). It is standard in
strain-driven oscillatory shearing to describe a material as
being submitted to sinusoidal strain [4],

γ(t) ¼ γ0sin(ωt), (1)

where γ0 and ω represent the strain amplitude and angular
frequency, respectively. In this circumstance, the stress
response is typically expressed as

σ(t) ¼ γ0 G0(ω)sin(ωt)þ G00(ω)cos(ωt)ð Þ, (2)

where the prefactors that describe how much of the stress
response is in-phase and out-of-phase with the strain, G0(ω)
and G00(ω), are the storage and loss moduli, respectively.
Collectively, G0(ω) and G00(ω) are referred to as the dynamic
moduli and have been shown to contain details of molecular
motions that lead to viscoelastic responses. The dynamic
moduli are proportional to the average energy stored per unit
volume of the material over a cycle of the excitation and the
energy dissipated per unit volume of the material over a
cycle of deformation [5]. However, to accurately determine
the instantaneous energetic terms, which would then get
averaged to calculate the dynamic moduli, one must know
the elastic deformation and the rate at which deformation is
acquired viscously.

It is also common to refer to the stress response to oscillat-
ing strains simply in terms of the amplitude, σ0, and phase
difference with respect to the strain, δ,

σ(t) ¼ σ0sin(ωt þ δ): (3)

When δ is small, the stress is more in-phase with the strain,
indicating a more Hookean elastic response, and when δ is
close to π

2, the stress is in-phase with the strain rate, indicating
a more Newtonian fluidlike response. If a researcher
instead chooses to interrogate their material by application of
stresses rather than strains, then the stresses are often said to
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oscillate sinusoidally,

σ(t) ¼ σ0sin(ωt), (4)

where σ0 and ω are the amplitude and the angular frequency
of the applied stress. The strain response to sinusoidally
varying stress is often written as

γ(t) ¼ σ0 J 0(ω)sin(ωt)� J 00(ω)cos(ωt)ð Þ, (5)

where J 0(ω) and J 00(ω) are the dynamic compliances.
Despite the universal agreement regarding the formalism

surrounding strain-driven oscillatory shear, in studies involv-
ing stress-controlled oscillatory shearing, researchers have
used and discussed the relative merits of different phases of
the applied stress. That is, in addition to the varying stress
amplitudes σ0 and frequencies ω, the applied stress can be
imposed with different phases, ψ , ranging from 0 to 2π. The
phase of the applied stress has not been designated an official
variable according to the Society of Rheology official
nomenclature [6], and so we denote it here as ψ ,

σ(t) ¼ σ0sin(ωt þ ψ): (6)

The phase of the applied stress is distinct from the phase
angle difference between stresses and strains, δ, used to
describe the stress responses to oscillating strains. The most
common example choices made regarding ψ include sine,
σ(t) ¼ σ0sin(ωt), and cosine, σ(t) ¼ σ0sin(ωt þ π=2),
stresses [7–15]. Despite different researchers using different
phases, there is still no consensus as to what formalism
should be universally adopted. Ewoldt has suggested that
cosine stresses should be adopted as standard on the basis
that the signs of Fourier harmonics associated with large-
amplitude sinusoidal stressing can be negative [13].
However, without clear physical understanding of what each
harmonic corresponds to, or even whether individual har-
monics should be viewed as having any meaning in isolation,
debate about such suggestions can proceed no further than
the assumed formalism allows. What is needed to resolve
this discussion, and what we provide in this work, is a clear
understanding of the physics of how the phase of the stress
affects material responses.

The strain responses of soft materials to oscillatory
stresses have been reported to oscillate about zero strain and
to oscillate about nonzero values of strain. Shan and
co-workers studied the nonlinear rheological behaviors of
bitumen under stress-driven oscillatory shearing and reported
that, under certain conditions, the strain responses oscillate
about a nonzero value [14]. In their analysis, the strain
responses are shifted so that they do oscillate about zero
strain, and the shifting factors are presented separately. Such
an analysis is reminiscent of the strain-controlled work of
Munster and co-workers, who investigated fibrin and colla-
gen networks and observed that these biopolymers change
continually in the stress response to strain-driven oscillatory
shearing [16]. Following a proposed shifting protocol to
manipulate each cycle, they were able to construct a stress-
strain master curve where responses from each cycle collapse.
The phenomenon of strain shifting is not unknown and dates

back at least as far as Pipkin’s lectures on the viscoelasticity
theory [17]. He observed the strain shifting and specifically
documented the phenomenon, “…if a fluid is subjected to a
stress history σ(t) ¼ H(t)sin(ωt), then after a long time the
shear (strain) oscillates sinusoidally about a nonzero value.”
Nonetheless, the underlying physics associated with how or
why strains shift has not been systematically investigated nor
have its effects on microstructure been clearly discussed.

Before discussing oscillatory stressing further, we first
briefly review how responses to an imposition of a constant
amount of stress for a fixed duration are described rheologi-
cally. In a creep and recovery test, as this protocol is called,
it is well known that the total strain can be decomposed into
recoverable (γrec) and unrecoverable (γun) components [4].
The recoverable strain is the amount of strain recovered when
all stress is removed after some duration, while the unrecov-
erable strain is the amount of strain acquired between the
start of the experiment and when all recovery has finished. In
this work, we will make extensive use of the unrecoverable
strain rate, _γun, which is the rate at which strain is acquired
unrecoverably. The recoverable strain is associated with the
steady-state compliance, while the unrecoverable strain, γun,
is dictated by a combination of the applied stress, σ0, the
duration of the stressing, tc, and the zero-shear viscosity of
the material, η0, γun ¼ σ0tc=η0, as shown in Fig. 1(a) [4].
This expression arises by noting that the rate at which strain

FIG. 1. (a) Strain responses from a steady creep and recovery test, where
the zero-shear viscosity is known to dictate the unrecoverable strain.
(Schematics adapted from Ferry’s Viscoelastic Properties of Polymers [4].)
(b) Strain responses from oscillatory sine stressing σ(t) ¼ σ0sin(ωt) from the
5 wt. % PEO solution (σ0 ¼ 9 Pa, ω ¼ 1 rad=s). The strain oscillates about a
nonzero offset, γS, and the strain shift is similarly dictated by the zero-shear
viscosity, γS ¼ σ0=ωη0. The strain zero is defined at the state (t ¼ 0 s) before
applying external shear.
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is acquired unrecoverably, _γun, is dictated by Newton’s law
of viscosity at low rates, _γun ¼ σ0=η0. Integrating this expres-
sion between times t ¼ 0 and t ¼ tc, which mark the onset
and cessation of stress at an amplitude σ0, with the boundary
condition γ(0) ¼ 0, leads to the previously quoted expression
for the amount of strain acquired unrecoverably. This long-
accepted treatment [4] acknowledges that not all the strain is
acquired recoverably. By performing recovery tests and mea-
suring the recoverable and unrecoverable strains individually,
one can, therefore, determine elastic and viscous material
properties, respectively.

In this study, we view oscillatory stressing as a transient
extension of the creep and recovery protocol. We follow the
same line of reasoning that has been applied to the applica-
tion of steady stress and derive an expression that explains
why a researcher may choose to employ a particular choice
of stress phase. The expression we derive shows that strain
responses to oscillatory stresses can oscillate about values,
γS, that are significantly shifted away from the point where
the experiment began at zero strain. The new expression adds
to the information contained in Eq. (5). We will show that
this strain shift is dictated by a combination of the stress
amplitude, σ0, the angular frequency of the oscillation, ω,
and the zero-shear viscosity of the material, η0, in direct com-
parison with steady stressing, as well as the phase of the
applied stress.

We have experimentally investigated a wide array of soft
materials, and we have verified that strain responses to oscil-
latory stresses can indeed be displaced away from the origin
as originally suggested by Pipkin [17]. Shown in Fig. 1(b) is
the strain responses to sinusoidal stressing (where ψ ¼ 0)
from the 5 wt. % PEO solution with σ0 ¼ 9 Pa and
ω ¼ 1 rad=s (details of this material are contained in the
Experimental Section). The software that controls all com-
mercial rheometers we are aware of will subtract this shift
prior to displaying the data to the user, to ensure that they
oscillate about zero strain to conform with users prior expec-
tations. The data that are reported to researchers is, therefore,
postprocessed, and the strain shifts are not reported unless
the user circumvents the in-built processing, as we have done
in this study.

We have recently investigated the microstructural evolu-
tion of polymerlike micelles (PLMs) and a fibrin network via
in situ rheo-SANS and reported an out-of-equilibrium rheo-
logical structure-property relationship [15]. Specifically, we
observed that the elastic modulus and shear viscosity are dic-
tated by the recoverable strain and unrecoverable strain rate,
respectively, and that the alignment of micellar segments is
perfectly correlated with the recoverable strain. In addition,
under small- to large-amplitude oscillatory shearing (LAOS),
the microstructure, shear, and normal stresses are all corre-
lated to the recoverable component of the strain and not the
total strain. Another of our recent rheo-SANS studies showed
the importance of the idea of recoverable strain as it applies
to step strains under out-of-equilibrium conditions [18]. We
have demonstrated that, even when a material has undergone
a complex shear history, mapping the recoverable strain
allows for a clear probe of the nonequilibrium relaxation
modulus and other material functions. Other nonlinear

studies of colloidal and polymeric systems have also
observed similar phenomena, where a constant linear-regime
elasticity has been shown to exist near the strain extrema
under LAOS [15,19–28]. That is, the macroscopic responses
are not entirely dictated by the total strain. We also note that
Wang and co-workers [29–31] have recently developed a
theory of molecular elastic yielding that describes the nonlin-
ear rheology of entangled polymers that is based on experi-
mental studies of strain recovery. Overall, these experimental
and simulation studies, as well as the microscopic yielding
depiction, all suggest the importance of making a clear dis-
tinction between the recoverable and total strain, either in
theoretical, structural, or rheological perspectives.

One important aspect of this work is that the zero-shear
viscosity can be efficiently measured via the strain shift from
small-amplitude oscillatory shear (SAOS) stressing without
much experimental effort. The zero-shear viscosity is defined
as a limiting value of viscosity at zero shear rate,

η0 ¼
σ

_γ

����
_γ!0

: (7)

It contains critical molecular-level information for soft mate-
rials. For instance, the scaling of the zero-shear viscosity
with respect to molecular weight has been shown to be
important in distinguishing entanglement in polymers. The
molecular weight dependence of the zero-shear viscosity is
well described by η0 /Mx, where x ¼ 1 and 3:4 for unen-
tangled and entangled linear polymers, respectively [32]. The
original tube model predicts the scaling of 3 for entangled
linear polymers [32], while it is found that the exponent has
a value of about 3.4 within a certain limit of molecular
weights. A number of theoretical additions to the tube model
have provided closer predictions, such as including contour
length fluctuation [33] and constraint release [34]. The
scaling of the zero-shear viscosity has also been shown to
reveal topological differences. Dalsin et al. [35] observed
that, for their bottlebrush polymers, a weak dependence
(η0 /Ma, a , 0:5) exists at low molecular weight, and the
scaling transitions into Rouselike dynamics (a ¼ 1:2) at high
molecular weight. In equilibrium dynamics, such as that mea-
sured in SAOS, the zero-shear viscosity is a manifestation of
diffusion processes of microscopic entities. The zero-shear
viscosity, therefore, is an important material property in
developing either simple models like the linear or corota-
tional Maxwell models [36] or other physical models that
include hydrodynamic interactions, reptation dynamics, or
convective constraint release (CCR) processes [32].

In bulk rheometry, the zero-shear viscosity is typically
measured by imposing steady, unidirectional shear deforma-
tion on a material. The resulting steady-state shear stress is
recorded, and the zero-shear viscosity is either directly deter-
mined as the ratio of the shear stress to the shear rate or indi-
rectly determined by extrapolating from an accessible portion
of the flow curve. While the determination is accessible for
most polymer solutions, problems arise in polymer melts.
Inevitably, the accuracy of determination depends on a
number of experimental variables including the geometry
that is used for the measurements. To reach steady state,
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measurement times can be excessively long, depending on
molecular weights and temperatures. A stable flowing state
may not even be experimentally accessible. For example,
gravity can induce distortions in the shape of the material in
the filled gap, and chemical degradation can occur over the
course of a measurement, especially if an inert atmosphere is
not supplied. Further, steady-shear protocols involve con-
stantly deforming melts in one fixed direction and often
result in edge fracture, which critically changes the accuracy
of measurements [37].

A few alternatives have been suggested to avoid such arti-
facts. The cone-partitioned-plate (CPP) geometry has been
designed [38,39] to postpone or reduce the influence of edge
fracture on measurements. Strain-controlled SAOS is another
protocol that has been widely used to interrogate materials
while limiting deformations that could lead to flow instabili-
ties. While the conventional SAOS protocol does not directly
measure the steady-shear viscosity (or the zero-shear viscos-
ity), the terminal-regime data are typically taken to indirectly
inform the zero-shear viscosity as η0 ¼ limω!0 G00=ω. The
well-known phenomenological Cox–Merz rule [40] has also
been demonstrated to successfully correlate the complex
viscosity from SAOS with the steady-shear viscosity,
η*(ω) ¼ η( _γ)jω¼ _γ , for mostly linear homopolymers.

The importance of the zero-shear viscosity has clearly
been established. We demonstrate in this work a rapid and
reliable method for determining the zero-shear viscosity
based on the strain shifts observed in oscillatory stressing.
We first briefly introduce the concepts of recovery rheology
and present an associated theoretical framework that predicts
strain shifts. The phenomenology and theory are subse-
quently demonstrated with experimental data from PLMs and
an entangled polyethylene oxide (PEO) solution. Exploiting
in situ time-resolved rheo-SANS, we further show that the
structural evolution of the micellar solution is entirely dic-
tated by the recoverable portion of strain, despite the signifi-
cantly different amounts of total strain that are measured.
The technique is further applied to numerous stiff biopolymer
gels including thermoreversible pluronic-hyaluronic acid
(Pl-HA), alginate, and collagen. We show that the strain
responses of the soft viscoelastic precursor solutions clearly
shift from the origin, whereas their corresponding (stiffer)
predominantly elastic gels exhibit strains with little-to-no
shifts, confirming the theory that the shift originates from the
viscous flow properties. Finally, we demonstrate that the
understanding and phenomenology can be extended to entan-
gled polymer melts, providing an accessible way to measure
the zero-shear viscosity of melts, and in turn, experimentally
determine the shift factors required for time-temperature-
superposition (TTS) [4].

II. EXPERIMENTAL SECTION

A. Materials

1. Polymerlike micelles

The PLMs studied in this work are an aqueous solution of
cetylpyridinium chloride (CPCl) and sodium salicylate
(NaSal) in 0.5M NaCl and D2O brine (Sigma-Aldrich).
D2O is used to increase scattering contrast. The solution of

8 wt. % CPCl in brine with molar ratio of NaSal (Sigma-
Aldrich) to CPCl (Spectrum Laboratory) of 0.5 was prepared
at least 2 days before experiments. The rheological experi-
ments from the micellar solution were conducted at 25 �C.

2. Polyethylene oxide solution

The PEO solution is prepared in dimethyl sulfoxide
(DMSO), where the PEO (Sigma-Aldrich) has a molecular
weight of 1 000 000 g/mol, and DMSO (Fisher scientific) is
chosen as the solvent for its good solubility and low evapora-
tion (boiling point �189 �C). The solution was gently stirred
at 60 �C on a hot plate for 24 h and incubated in a water bath
at 45 �C for 24 h before experiments were conducted at 45 �C.

3. Polystyrene

Narrowly dispersed polystyrene (PS) samples were syn-
thesized via an anionic polymerization of styrene using a
secBuLi initiator [41]. PS samples (Tg � 100 �C) were
made and characterized by gel permeation chromatography
(GPC) with Mn ¼ 45 900 g=mol, Mw=Mn ¼ 1:02 (PS-46k)
and Mn ¼ 14 400 g=mol, Mw=Mn ¼ 1:01 (PS-14k).

4. Collagen

The sol-state of collagen consists of type I bovine colla-
gen solution (3 mg/ml in 0.01N hydrochloric acid; PureCol,
Advanced BioMatrix). Collagen gels were prepared by
gently mixing 1.2 ml type I bovine collagen solution with
125 μl of the reconstituting solution (0.26M sodium bicar-
bonate, 0.2M HEPES, and 0.04 N NaOH). The pregel solu-
tion was immediately transferred to the bottom plate of the
rheometer, and the measurements were taken after 3 h. The
temperature is maintained at 25 �C throughout with low-
viscosity mineral oil to prevent dehydration.

5. Pluronic-hyaluronic acid

Pluronic (Pluronic F-127; Sigma-Aldrich)-hyaluronic
acid solution (Sodium Hyaluronate Pharma Grade 150;
Novamatrix) was prepared by dissolving 2 g of pluronic and
50 mg of hyaluronic acid in 10 ml of water. The solution was
mixed overnight in a vial maintained at 4 �C. The Pl-HA sol-
ution is thermoresponsive. The sol-state is measured at a
temperature of 15 �C, while the gel-state is achieved by main-
taining temperature at 30 �C for 1 h before measurements.

6. Alginate

Alginate (100 mg, 0.5 mmol uronic acid, FMC
Biopolymer Inc.) was dissolved overnight in 0.1M
2-morpholinoethanesulfonic acid buffer (pH 6) at a concen-
tration of 3 wt. %, which is measured as the sol-state.
Hydroxybenzotriazole (0.25 mmol) and adipic acid dihydra-
zide (0.1 mmol) were added sequentially under continuous
stirring. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(0.25 mmol) was then added, mixed, and transferred
promptly to the bottom plate of the rheometer. The tempera-
ture is maintained at 25 �C throughout with low-viscosity
mineral oil to prevent dehydration.
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B. Rheometry

Rheological measurements are performed on a DHR-3
stress-controlled rheometer (TA Instruments), where the tem-
perature is controlled via a Peltier system at the desired tem-
perature for each material. All the polymeric solutions are
tested with a 4-degree cone and plate fixture with 40 mm
diameter. The measurements of PS melts are carried out in
an inert environment via an environmental test chamber to
prevent degradation and 8 mm parallel plates are used for
melt rheometry with an approximately 1 mm gap.

Stress-controlled oscillatory shearing is commanded
within the arbitrary wave test environment in TRIOS (TA
Instruments) where the recorded raw response is accessed
without data processing that eliminates shift information in
predefined oscillatory testing procedures. Strain responses
during the steady-alternating state are used to determine the
strain shifts, γS. All the results are replicated at least three
times to confirm reproducibility.

Recoverable and unrecoverable strains are measured by
performing constrained recovery tests [42,43] in the steady-
alternating state when all initial transience has decayed. An
iterative constrained recovery procedure [15] is employed in
which the shear stress is abruptly set to zero (σ ¼ 0), and the
constrained recovery is recorded for a series of discrete
instances along a cycle of oscillation. The unrecoverable
strain, γun, is defined as the strain where the system ulti-
mately recovers to, and the recoverable strain, γrec, is the dif-
ference between the strain at the moment the stress is
removed and the unrecoverable strain,

γrec(t) ¼ γ(t)� γun(t): (8)

All the constrained recovery tests are performed until equilib-
rium is achieved.

The linear viscoelasticity of PS is measured by performing
dynamic frequency sweeps over the temperature range of 110
to 180 �C in a stable Nitrogen environment with 8 mm paral-
lel plates. A master curve is constructed by TTS principles
[4]. The temperature-dependence of the corresponding hori-
zontal shifting factors aT is well-described by the Williams–
Landel–Ferry (WLF) model

log (aT ) ¼ �C1(T � Tref )
C2 þ T � Tref

, (9)

where T and Tref represent measurement and reference
temperatures.

C. Rheo-small-angle neutron scattering

Rheo-small-angle neutron scattering (Rheo-SANS) experi-
ments are conducted at the NIST Center for Neutron
Research on the SANS beamline NGB-30; a stress-controlled
MCR501 rheometer (Anton Paar) with a concentric cylinder
Couette geometry operating in its native stress-controlled
mode is used for all experiments. The rheo-SANS is config-
ured to have a neutron wavelength of 6 Å and the detector is
located 8.235 m from the sample, while the reference static
SANS is configured to have a neutron wavelength of 6 Å and

three detector distances of 1, 4, and 13 m. The two configura-
tions cover a momentum transfer vector (q-vector) ranging
from 0.006 to 0.03 1/Å (rheo-SANS) and 0.004 to 0.2 1/Å
(static SANS), respectively. Temperature is maintained at
25 �C for all the SANS experiments.

Time-resolved SANS methods [44] are used to continu-
ously monitor the microstructural change of PLMs under
oscillatory shearing and the 2D SANS data are reduced fol-
lowing the NCNR guidelines [45], with a temporal deconvo-
lution protocol [46] to enhance the resolution and accuracy
of the underlying structural evolution.

III. RESULTS AND DISCUSSION

A. Constrained recovery tests

Strain can be decomposed into recoverable and unrecover-
able components by performing (constrained) recovery tests.
The idea was first proposed by Weissenberg [42] and Lodge
[43]. Lodge noted that a typical recovery test is geometrically
constrained in one dimension and, therefore, referred to this
protocol as a constrained recovery test.

The recovery concept has been applied to study numerous
soft polymeric materials [43,47–53]. We have recently
explored the implications of recoverable and unrecoverable
strain on oscillatory shearing, where we demonstrated that rich
structural and rheological information can be obtained by cou-
pling oscillatory shearing with constrained recovery [15].

In this study, we perform a series of constrained recovery
tests following small-amplitude sinusoidal stressing
(σ(t) ¼ σ0sin(ωt)) on the two polymeric solutions.
Exemplary data are shown in Fig. 2 from the PLMs and the
PEO solutions at 0.5 and 1.4 rad/s, respectively. The collapse
of the strain response in the first interval confirms that the
materials have reached their steady-alternating states and
experience the same oscillatory shear history before the con-
strained recovery tests are performed. The recovery tests
(color curves) define the second interval and show that the
amount of recoverable and unrecoverable strain varies during
a period of oscillation. These features are reported and dis-
cussed in more depth in our recent work [15].

Two additional phenomena can be observed in both the
cases in Fig. 2. In the first interval, where oscillatory stress is
applied, the total strain (gray curves) is shifted away from the
origin, where the experiments began. We denote the finite
strain about which the responses oscillate γS. Additionally,
we observe that the unrecoverable strain oscillates about the
same shifted strain γS. Averaging the time-varying unrecover-
able strain γun(t) over an oscillation also defines γS.

B. A theoretical description of strain shifts

In this section, we follow the same line of reasoning as
applied to creep and recovery tests in which constant
amounts of stress are applied for finite intervals. We extend
those arguments to allow for time-varying stresses, particu-
larly sinusoidally oscillating stresses with a prescribed phase.
We develop here a theoretical description of strain shifts
observed in oscillatory stress-controlled rheometry. We start
by noting that strain can be decomposed into a sum of
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recoverable and unrecoverable components. The recoverable
strain is deformation that is elastic, while the viscous proper-
ties are dictated by the rate at which the strain is acquired
unrecoverably. Steady flowing properties, such as the shear
viscosity η, are therefore accurately described as the ratio of
shear stress and the unrecoverable strain rate [15],

η ¼ σ= _γun: (10)

This relationship has been demonstrated in our recent study
of LAOS, in which we show that by measuring the unrecov-
erable strain rate _γun, the shear viscosity η under oscillatory
shearing can be defined following Eq. (10) and is consistent
with the viscosity probed from steady-shearing tests. We note
that, for a simple Newtonian liquid, all the strain is acquired
unrecoverably, and the (total) shear rate, therefore, equiva-
lently corresponds to the unrecoverable strain rate. However,
the same is not true for a viscoelastic system, and it is imper-
ative to experimentally decompose the total strain.

We begin by examining this relationship under SAOS
with the PLMs and PEO solutions. A series of constrained
recovery tests are performed iteratively in the alternance state
on both polymeric solutions, where the imposed amplitudes
are purposely limited to the linear regime. The stress is
plotted as a function of unrecoverable strain rate in Fig. 3 for
both solutions across a range of frequencies. Straight lines
with a constant slope are obtained from tests performed
at Deborah numbers (De ¼ λω, where λ is the longest

relaxation time and ω is the imposed frequency) up to 2,
where inertia issues associated with the stress-controlled pro-
tocol are negligible. Reference lines that have slopes equal to
the zero-shear viscosities η0 determined from steady-shear
tests are presented in Fig. 3 as dashed lines. The data col-
lected across various De show excellent agreement with the
reference lines [Eq. (11)]. This indicates that, when the unre-
coverable strain rate is small, the viscosity in Eq. (10) is the
zero-shear viscosity.

Having experimentally confirmed Eq. (10) under oscilla-
tory stressing, we now extend this understanding and present
a theoretical argument of strain shifts. We define the total
and unrecoverable strains prior to any shear deformation to
be zero, γ(0) ¼ 0, γun(0) ¼ 0, and we generically refer to
linear-regime oscillatory stressing as having the form
σ(t) ¼ σ0sin(ωt þ ψ). In this representation, which we view
as an oscillatory creep/recovery protocol, the unrecoverable
strain rate can be expressed via Newton’s law of viscosity, as

_γun(t) ¼
σ(t)
η0

¼ σ0sin(ωt þ ψ)
η0

: (11)

An expression for the amount of unrecoverable strain can,
therefore, be derived by integrating Eq. (11) from the state

FIG. 2. Oscillatory stressing followed by constrained recovery tests from
(a) PLMs, γS ¼ 0:424 and (b) PEO solution, γS ¼ 0:169.

FIG. 3. Viscous Lissajous curve of stress versus unrecoverable strain rate
σ � _γun from (a) PLMs and (b) PEO solutions. The dashed line is the predic-
tion from Eq. (11).
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prior to any shearing (̂t ¼ 0) to the current time (̂t ¼ t),

γun(t) ¼
ðt
0
_γun(̂t)dt̂ ¼

ðt
0

σ0sin(ω̂t þ ψ)
η0

dt̂, (12)

where t̂ is a dummy variable of time. An expression for the
unrecoverable strain at an arbitrary time is, therefore,

γun(t) ¼
σ0

ωη0
cosψ � σ0

ωη0
cos(ωt þ ψ): (13)

That is, the unrecoverable strain is made up of two terms. One
of the terms varies cosinusoidally in time, and the other is a
constant offset that depends on the phase of the applied stress.

The strain shift we have just derived comes from a purely
viscous contribution, as elasticity leads to only recoverable
deformation. One can easily relate the recoverable strain to
the shear stress,

γrec(t) ¼
σ(t)
Grec

¼ σ0sin(ωt þ ψ)
Grec

, (14)

where Grec is an elastic (recoverable) modulus in a force-
extension perspective, resulting in a sinusoidal form that oscil-
lates about zero strain. We denote the elastic (recoverable)
modulus, which is determined from the recoverable strain and
is the inverse of the recoverable compliance defined in the offi-
cial nomenclature [6] of the Society of Rheology 1=Jsr , as Grec

to distinguish from the traditional relaxation modulus.
Combining Eqs. (13) and (14), we confirm that the strain shift
only comes from the viscous contribution in Eq. (13). Indeed,
the results in Fig. 2 indicate that the total strain and the
(viscous) unrecoverable strain share the same offset. The strain
shift, γS, from small-amplitude oscillatory shear stressing is,
therefore, established as

γS ¼
σ0

ωη0
cosψ : (15)

The theoretical expression in Eq. (15) has the same form
as that of the unrecoverable strain in a steady creep and
recovery test [Fig. 1(b)]. They are both of the form
(stress� time=viscosity). That is, they both contain informa-
tion about the zero-shear viscosity and experimentally con-
trolled parameters. The major difference between the two
expressions is that the new expression that describes oscilla-
tory shearing contains information regarding the phase of the
applied stress. It is, therefore, possible to change the position
about which strain responses oscillate just by changing the
phase of the imposed stress. To get maximum shifting away
from zero strain, phases of ψ ¼ 0 or ψ ¼ π should be used,
while any oscillatory strain response can be made to oscillate
about zero strain by choosing ψ ¼ π=2 or ψ ¼ 3π=2. A full
description of the strain response to steady-alternating small-
amplitude oscillatory stressing (σ(t) ¼ σ0sin(ωt þ ψ)), origi-
nally presented as Eq. (5) becomes

γ(t) ¼ σ0 J 0(ω) sin(ωt þ ψ)� J 00(ω) cos(ωt þ ψ)þ cosψ
ωη0

� �
: (16)

We note that this offset term in strain responses typically
appears as a generic term in the literature, if it is included at
all. For instance, see Eq. (12) in Ewoldt’s work [13], where
the offset is denoted as “γ(ω, σ0).” Here, for the first time,
the exact expression of this offset term is provided in small-
amplitude oscillatory stressing. As with any constant offset,
it does not affect the information content such as the
dynamic compliances of the oscillating portion of the
response. While the Cox–Merz approach of determining
the zero-shear viscosity from the dynamic compliances, or
the dynamic moduli, involves a sweep of the lowest frequen-
cies accessible, our new expression makes it clear that the
zero-shear viscosity can also be obtained from a single test,
in principle at any frequency, by observing the strain shift.

Equation (15) involves a number of user-defined parame-
ters, including the stress amplitude σ0, the angular frequency
ω, and the phase of the imposed stress ψ , as well as one
material function, the zero-shear viscosity η0. As long as a
material is perturbed in the linear regime, one can efficiently
determine the zero-shear viscosity through the observed
strain shift. In the subsequent sections, we perform a series
of experiments to verify this theoretical prediction and dem-
onstrate the generality and applicability of this approach with
a wide array of materials.

C. Experimental strain shifts

To experimentally study the effects of the frequency and
the phase of the imposed stress on strain shift, a series of
stress-controlled oscillatory shear tests is performed in the
linear regime. With imposed frequencies ranging from 0.1 to
4.5 rad/s (De ¼ 0:025–1:1 for PLMs and De ¼ 0:01–0:45
for PEO), the resulted strain shift γS under the steady-
alternating state is extracted and presented in Fig. 4. Both the
investigated polymeric solutions show that the strain shift
scales with the inverse of the frequency, γS / ω�1, in agree-
ment with the theoretical description in Eq. (15).

The dependence on the phase of the imposed stress ψ is
studied by varying ψ from 0 to 2π at various frequencies.
The strain shift is plotted as a function of ψ in Fig. 5. With
the stress phase changing in between 0 and 2π, the strain
shift clearly evolves in a cosinusoidal form, and the magni-
tude of the strain shift increases with the decreasing fre-
quency. We observe maximum positive and negative strain
shifts at stress phases ψ of 0 and π, respectively, and no
strain shift when the stress phase is π=2 or 3π=2. These
experimental observations agree with the theoretical descrip-
tion provided by Eq. (15), which predicts that the strain shift
is linearly proportional to the cosine of the stress phase,
Sγ / cos(ψ).

The experimental strain shifts determined under a variety
flow conditions can be superimposed to form a master curve.
In Fig. 6, we plot the strain shifts as a function of σ0 cosψ=ω
from both the PLM and PEO solutions. Regardless of the fre-
quencies and stress phases imposed, the strain shifts collapse
to form a single master curve described by Eq. (15) (indi-
cated as dashed lines in Fig. 6). The slopes of these lines are
equal to the inverse of the zero-shear viscosity.
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D. On probing zero-shear viscosity

We have demonstrated that an experimental master curve
can be constructed on the basis of a simple set of arguments
that make a clear distinction between recoverable and unre-
coverable strains (Fig. 6). This informative master curve
directly and efficiently gives researchers access to the
zero-shear viscosity, η0.

In Fig. 6, the zero-shear viscosities of both the PLMs and
PEO solutions can be accurately obtained from the strain
shifts. The zero-shear viscosity corresponds to the inverse of
the slope of the master curves and matches the results
obtained from steady shearing. For the purpose of demonstra-
tion, the data in Fig. 6 are taken from an extensive array of
experimental conditions; in practice, however, the determina-
tion of the zero-shear viscosity need not be as intensive.
Determination can be efficiently achieved by measuring the
strain shift from only one carefully chosen condition. Given
that the SAOS protocol is already an established part of any
rheological characterization of soft materials, this piece of
information is, therefore, readily available and requires little

extra experimental effort to obtain. This rapid determination
is particularly important and useful for materials that undergo
chemical changes in a short period of time, and for those that
fracture at their edges in steady-shear deformation, such as
biological gels and polymer melts. We discuss these specific
cases in Sec. III F.

E. Microstructure with shifted strain

The phenomenon of strain shifts has been both theoreti-
cally and experimentally established. In this section, we
show that the structure, as determined by SANS, is unaf-
fected by the shifted strains. Instead, we observe that the
structure is directly correlated to the recoverable component
of the total strain. We use time-resolved rheo-SANS and
simultaneously monitor the structure change of PLMs under
oscillatory shearing when the strain shifts.

An asymmetric (total) strain suggests that a material is
being strained more in one direction than in the other. Such
strain responses, therefore, imply that the time-resolved
microscopic structure ought also to be asymmetric. This
argument, however, is solely based on the viewpoint of the
total (lab-frame) strain, where the reference state is always

FIG. 4. The strain shifts γS from oscillatory stressing σ ¼ σ0sin(ωt) are
plotted as the function of applied frequency ω from (a) PLMs and (b) PEO
solutions, where the frequency dependence of γS / ω�1 predicted from
Eq. (15) is observed. The stress amplitudes are 6.8 Pa (PLMs) and 10 Pa
(PEO), both in the linear regime for the materials.

FIG. 5. The strain shift γS from oscillatory stress input of
σ ¼ σ0sin(ωtþψ) is plotted as a function of stress phases ψ at the frequency
of 0.25, 0.5, 0.75, 1, and 2.5 rad/s from (a) PLMs and (b) PEO solutions.
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considered as the origin. Following the definition of
Weissenberg [42] and Reiner [54], the material-frame strain
is the recoverable strain, where the reference state (or
“ground state” as originally stated by Weissenberg) is consid-
ered to be the strain to where the materials recover when
shear stresses are released. To phrase this another way,
Weissenberg considered the unrecoverable strain as the refer-
ence state. To investigate the difference and correlation
between these two distinct viewpoints and structure, we
examine the underlying PLMs microstructure and compare it
with the lab-frame (total) and material-frame (recoverable)
strains.

An isotropic 2D SANS pattern indicates that the structure
has no particular orientation and retains its equilibrium con-
figuration. In such cases, the 2D scattering patterns can be
reduced in complexity further, by integrating azimuthally, to
obtain a 1D scattering intensity as a function of scattering
vector, creating an I-q curve. However, once a flow field is
applied to a polymeric sample, the chains begin to align in
the flow direction. The flow-induced alignment can be

revealed from the 2D scattering patterns. As an example, the
structures with their equilibrium configuration and flow-
induced alignment are demonstrated in Figs. 7(a) and 7(b),
respectively. The corresponding isotropic and anisotropic 2D
scattering patterns contain information regarding how the
structure responds to the flow.

To quantify the degree of anisotropy and scattering inten-
sity on different length scales, 2D scattering patterns are typi-
cally reduced to simpler vectors or scalars. Rheo-SANS often
involves shear-induced orientation in 2D SANS data and
requires methods that consider scattering at each angle and
length scale separately. Such methods include the annular
average method [Fig. 7(a)], which calculates the intensity
at each azimuthal angle f over a fixed range of q-vector,
referred to as q*. The q* used in this study focuses on the
segmental length of micelles [15], q* ¼ 0:006–0:03 1/Å.
To focus on particular orientations, a sector average method
is additionally used [Fig. 7(b)], where the scattering from
particular sectors is integrated to produce an I-q curve for
that sector. In the following analysis, we choose two sectors,
one parallel (f ¼ 90� + 10�) and one perpendicular
(f ¼ 0� + 10�) to the flow direction (f0 ¼ 90�). We note
that scattered signal represents the Fourier transform of the
real-space orientation. The transformation imparts a 90� rota-
tion so that the sectors labeled parallel and perpendicular are,
therefore, aligned with and orthogonal to the flow direction,
respectively.

The static 1D SANS from PLMs at rest is displayed in
Fig. 8 as black squares. This quiescent scattering is char-
acteristic of micellar structure. Microscopically, the seg-
ments of the micellar structure behave as cylindrical rods
and exhibit rodlike scattering where I / q�1. The segmen-
tal length scale (q*) is highlighted in Fig. 8(a) as shaded
blue, where rodlike scattering features are observed.
Stress-controlled oscillatory rheo-SANS measurements are
performed with varying imposed stress phases ψ ranging
from 0 to 7π=4, where the strain shift changes significantly.
The resulting 1D SANS is time-averaged over a cycle of
oscillation and presented in Fig. 8(a). Evidently, the micel-
lar scattering characteristics are retained under oscillatory
shearing, suggesting the micellar phase persists in all the
testing conditions.

FIG. 6. A master curve of strain shifts for PLMs (a) and PEO (b) solutions.
The strain shifts γS from distinct flow conditions (i.e., varying frequencies ω
and stress phases ψ) can be superimposed to construct a master curve by
plotting against (σ0=ω) cosψ according to Eq. (15). The slope of the master
curve, 1=η0, provides an accurate approach to probe the zero-shear viscosity,
which is determined to be 48 Pa s (PLMs) and 45 Pa s (PEO).

FIG. 7. A schematic of SANS reducing methods. (a) Annular averaging, the
intensity I(f) is calculated over the defined annulus (q* ¼ 0:006–0:03 1=A

�
)

over azimuthal angle f of 0�–360�. (b) Sector averaging, the intensity
I(q, f) is calculated on two sectors parallel (f ¼ 90� + 10�) and perpendic-
ular (f ¼ 0� + 10�) to the orientation angle (f0 ¼ 90�), respectively.
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We show in Fig. 8(b) the azimuthally averaged I-q curve
from the instants when the recoverable strain is zero under
oscillatory shearing. At the moments of γrec ¼ 0, the 2D scat-
tering patterns are isotropic, regardless of the phase of the
imposed stress ψ as shown in Fig. 10. We, therefore, adopt
the circular-average method to compare with the quiescent
equilibrium scattering. As shown in Fig. 8(b), the identical
I � q features indicate that the equilibrium structure is
observed at the instants when the recoverable strain is zero.
This observation is consistent with our recent findings [15].

To further study the correlation between the structure and
the recoverable strain, we examine the structure at the
moments when the recoverable strain is zero and when it is
largest. We perform these tests with different stress phase
angles ψ ¼ 0, π=4, 2π=4, using annular-averaged and sector-
averaged methods (see supplementary material [73] for all
other ψ). In the case of zero recoverable strain, the intensity
is independent of azimuthal angle [Fig. 9(a)], indicating iso-
tropic scattering. Further, both the parallel and perpendicular
sectors are indistinguishable from the quiescent scattering
[Fig. 9(b)]. These results confirm that the equilibrium

structure is restored when the recoverable strain is zero. In
contrast, at the instant of maximum recoverable strain, the
scattering is clearly anisotropic, as the intensity has two sig-
nificant peaks at angles of f ¼ 90� and 270� [Fig. 9(c)]. The
micellar segments are, therefore, more aligned when the
recoverable strain is largest. When the recoverable strain is
largest, the sector-averaged method [Fig. 9(d)] shows that the
two sectors differ in their intensities. A slightly decreased
intensity in the perpendicular direction and an increase in the
parallel sector reveals that a significant fraction of segments
are being aligned in the flow direction.

To quantify the temporal alignment of the micellar Kuhn
segments [44], we define an alignment factor Af as

Af ¼
Ð 2π
0 Ic(q*, f)cos(2(f� f0))dfÐ 2π

0 Ic(q*)df
, (17)

where Ic(q*, f) is the azimuthal intensity over q* and f is the
azimuthal angle. f0 represents the orientation angle, which
in this geometry is the flow direction.

The temporal alignment factor is presented as a function
of normalized time in Fig. 10 for a variety of imposed
stress phases (ψ ¼ 0, π=4, 2π=4, 3π=4) at 1 rad/s. We first
focus on the evolution of the alignment factor and total
strain in the left panel. While the (total) strain shifts from
the origin (γS indicated by dashed line) with varying
imposed stress phases ψ as predicted by Eq. (15), the
microscopic SANS data show that the structure evolves
symmetrically over the course of the oscillation. That is,
while the total strain and the alignment factor exhibit
changing phase differences, the total strain extrema [for
instance, about 8 and 0 in Fig. 10(a)] give rise to the same
amount of structural alignment. This result suggests that
the total strain is not meaningfully correlated with the
structural alignment.

Following the proposal of Weissenberg [42] by perform-
ing an extensive series of constrained recovery tests, we
present the recoverable (material-frame) strain in the right
panel in Fig. 10. The recoverable strain evolves distinctly
from the total strain. For instance, at t=T � 0:5 with a stress
phase of ψ ¼ 0, the recoverable strain is zero, whereas the
total strain is 8 strain units (¼ 800%). At the lab-frame strain
extreme, therefore, the structure experiences little-to-no
deformation and hence exhibits no recoverable strain. This is
also confirmed by regaining quiescent scattering characteris-
tics at γrec ¼ 0 in Figs. 8 and 9. This finding, that the struc-
ture is restored to its equilibrium configuration at the (total)
strain extremes agrees with a number of recent experimental
and simulational studies of polymeric and colloidal systems
under LAOS [15,19–27, 55], where a constant linear-regime
elasticity exists near the strain extrema. Here, we exploit in
situ SANS to structurally confirm these bulk-rheological
observations in a much softer system than has been previ-
ously investigated and conclude these observations can be
well understood from the viewpoint of recoverable (material-
frame) strain.

In the right panel in Fig. 10, we show that the recoverable
strain is closely correlated to the alignment factor.

FIG. 8. 1D circular-average scattering intensity I(q) over a cycle of oscilla-
tion (time-averaged) (a), at the instants when γrec ¼ 0 (b). Rheo-SANS is
performed with different imposed stress phases ψ ¼ 0, π=4, 2π=4, 3π=4,
4π=4, 5π=4, 6π=4, and 7π=4, in comparison with the quiescent scattering
(black). The blue shaded regime represents the q* range where the segmental
rodlike scattering I / q�1 is observed.
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The alignment factor has no directional dependence and,
therefore, is always positive. We see a remarkable structure-
property relationship: when the recoverable strain magnitude
j γrec j is small, the Kuhn segments are isotropically
arranged. As the magnitude of the recoverable strain
increases due to imposed deformations, more of the Kuhn
segments are aligned in the flow direction.

While there is a distinct shifting observed in the (total)
strain, we see that the recoverable strain contains no shifting
and always oscillates about zero, resulting in properties that
match with the microstructure. We, therefore, establish a
structure-property-processing relationship, Af/ j γrec j. We,
therefore, see that distinct information is encoded in the total
and recoverable strains. The (total) strain shift contains infor-
mation relating to the shear viscosity as demonstrated,
whereas the recoverable strain reveals the amount of micro-
scopic deformation that structure experiences, as supported
by our SANS measurements.

F. Application to stiffer materials

In this section, we demonstrate ways in which the infor-
mation provided from the strain shifts can be useful in study-
ing gels and polymer melts. In linear viscoelasticity, the
strain shift is directly related to the zero-shear viscosity as
shown earlier in Sec. III D. Rearranging Eq. (15) gives the
expression for zero-shear viscosity,

η0 ¼
σ0

ωγS
cosψ : (18)

Equation (18) provides an alternative, fast way to determine
the zero-shear viscosity for viscoelastic materials. In addi-
tion, we can use it to establish an approach by which a stress
(torque)-controlled instrument can be used to obtain equiva-
lent information that typically is only available from strain-
or rate-controlled protocols without resorting to feedback
loops. We observe that the zero-shear viscosity determined
from steady shearing is equivalent to that from the strain shift
for all the investigated materials.

A rapid determination of the zero-shear viscosity for
materials that tend to experience edge fracture under steady
shearing is appealing. As the protocol perturbs a material
with minimal stress in an oscillatory manner, it prevents
edge fracture and other experimental complexities associ-
ated with unidirectional shearing. We demonstrate the tech-
nique with numerous materials that are both viscous and
notorious for edge fracture, including biological gels and
polymer melts. The viscosities of these materials are nor-
mally difficult to be measured directly, and we show that
the information can be precisely and efficiently acquired
from the strain shifts.

1. Biological gels

We investigate three different biological systems that
undergo a solgel transition [56], including collagen,
Pl-HA, and alginate. These natural biomaterials are widely
used in applications such as drug-release [57], bioprinting
[58], and bioencapsulation [59]. The states prior to and
after the solgel transition are studied for each of the three

FIG. 9. Rheo-SANS performed at the instants of γrec ¼ 0 [(a) and (b)] and γrec ¼ max [(c) and (d)], displayed as 1D annular-averaged SANS intensity
I(q*, f) [(a) and (c)] and 1D sector-averaged SANS parallel (f ¼ 90� + 10�) and perpendicular (f ¼ 0� + 10�) to the orientation angle [(b) and (d)]. The
stress input with different stress phases ψ ¼ 0, π=4, and 2π=4 results in the indistinguishable SANS. Sample 2D patterns are shown in the inset.
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materials. The sol-state is essentially a polymer solution
before any gelation events occur and is predominantly
viscous, while the gel-state is when the material has even-
tually reached steady state after gelation has proceeded to
completion.

The frequency dependence of the dynamic moduli G0(ω)
and G00(ω) from the three materials are presented in Fig. 11.
Before the gelation occurs, the sol-state shows G00 larger
than G0 across the frequency range, indicating the predomi-
nantly viscous nature. After the gelation process has com-
pleted, we observe little frequency dependence for the three
systems, and the storage modulus is much larger than the
loss modulus. These results collectively confirm that the
materials have transitioned from the energy-dissipation-
dominant sol-state into the energy-storage-dominant
gel-state.

Once the materials fully transition into their gelled states,
measurements such as steady shearing are experimentally not
feasible, and SAOS measurements such as those presented in
Fig. 11 are typically performed and used to interpret the

rheological properties of gels [60]. Other methods, such as
taking the limit of G00(ω)=ω as the frequency approaches zero
cannot be accessed due to the significantly long relaxation
processes that characterize many soft materials with high
volume fractions. The shear viscosity is, therefore, not
directly accessible. To this end, we demonstrate that the
zero-shear viscosity can be easily obtained with a series of
stress-controlled SAOS tests. Further, these biological gels
are arguably more relevant to stress-driven protocols
[61–64], as their applications such as ambulatory joint
motion [65], and bioprinting [58] often involve stressing and
force-loading processes.

We submit both the sol and gel states of each material
to stress-controlled SAOS. The phase of the imposed stress
is varied from ψ ¼ 0 (sinusoidal stressing) to ψ ¼ π=2
(cosinusoidal stressing). The corresponding normalized strain
responses γ=γ0 are presented in Fig. 12, where the sol and
gel states are displayed on the left and right panels, respec-
tively, for the three distinct systems. The strains from the sol-
states clearly shift away from the origin with ψ ¼ 0 and

FIG. 10. Rheo-SANS study of PLMs. Total (lab-frame) strain γ [(a), (c), (e), and (g)] and recoverable (material-frame) strain γrec [(b), (d), (f ), and (h)] are
plotted on top of the temporal alignment factor (Af ). The data are taken under stress-controlled oscillatory shearing σ(t) ¼ σ0sin(ωt þ ψ) with different stress
phases ψ=0 [(a) and (b)], ψ ¼ π=4 [(c) and (d)], ψ ¼ 2π=4 [(e) and (f )], and ψ ¼ 3π=4 [(g) and (h)]. The normalized time t=T is defined with respect to the
impose stress σ(t) ¼ σ0sin(ωT(t=T)þ ψ).
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ψ ¼ π=4, whereas ψ ¼ π=2 gives rise to strain responses that
oscillate about zero. The strain shifts are indicated with
dashed lines. This again agrees with the previous results of
PLMs and PEO solutions, and the prediction in Eq. (15) that
strain responses to cosinusoidal stressing (ψ ¼ π=2) contain
no shifts.

In contrast to the viscous responses exhibited by the
sol-states, the normalized strains of the gel states all
essentially oscillate about zero strain, with the three differ-
ent phases. The very small shifts we do measure, with
their associated experimental uncertainties, indicate that
the viscosities are so high that the materials can be treated
as solids.

The strain shifts are presented in Table I, normalized
by the stress amplitude, γS=σ0. This normalized shift is
independent of the stress amplitude in the linear viscoelas-
tic regime and is equal to cosψ=ωη0, according to
Eq. (15). This material-dependent parameter γS=σ0 is dis-
played in Table I from the stress phases of 0 and π=4,
while the shifts are zero in the case of cosinusoidal stress-
ing (ψ ¼ π=2).

Following Eq. (18), the zero-shear viscosities are calcu-
lated and presented in Table I. In the sol-state where the
shifts are significant, the viscosities are constant for each
system regardless of ψ and are determined to be about
0.035, 0.29, and 0:71 Pa s for the collagen, Pl-HA, and
alginate, respectively. Once the materials have gelled, the
viscosity is increased significantly by the cross-linking of
the network. The zero-shear viscosities of the gel-state are
tabulated in Table I, which increase 3, 5, and 7 orders of
magnitude from the sol-state for collagen, Pl-HA, and
alginate, respectively. The difference in viscosity in the
collagen and PI-HA gels is due to the physical cross-links,
while the alginate gel is by covalent cross-links. In this
case, the strain shifts from the origin are as small as 10�5

strain units, resulting in large uncertainties that are dic-
tated by the measurement capability of the rheometer
used. Despite such uncertainties, we observe roughly
constant zero-shear viscosities at the two stress phases (ψ)
for each gel.

In addition to the already wide adoption of SAOS, this
technique provides a novel way for directly determining the
zero-shear viscosity of biological gels.

2. Polymer melts

The success and efficiency of processing molten polymers
is often highly dependent on their flow properties. From a
molecular perspective, the zero-shear viscosity provides
important information regarding their size and architecture.
Nevertheless, zero-shear viscosity data are not always directly
accessible, as edge fracture often complicates the collection
of clean steady-shear data.

Alternatively, researchers often perform a series of SAOS
tests at various temperatures, and then use the TTS principle
[4] to superimpose the dynamic moduli to construct a master
curve that accommodates the widest possible range of time
scales. With the master curve determined, the zero-shear vis-
cosity is typically determined by taking the limit of G00=ω as
the frequency approaches zero,

η0 ¼ lim
ω!0

G00=ω: (19)

This relation relies on being able to access the terminal relax-
ation regime.

The process of superposition relies on the determination
of shift factors, including the horizontal aT and vertical bT
shift factors. The shift factors relate the value of a property
measured at a temperature T to that of the reference tempera-
ture Tref [66]. A material property such as the zero-shear vis-
cosity at a temperature T can, therefore, be linked to the
reference temperature Tref by

η0(T) ¼
aT (T)
bT (T)

η0(Tref ): (20)

The vertical shift factor, which relates the density of the
polymer at a temperature T to the density at the reference
temperature, Tref , is usually close to unity bT � 1 for moder-
ate temperature differences in homopolymers. The horizontal

FIG. 11. Frequency dependence of the dynamic moduli G0(ω) and G00(ω)
from the sol-state and gel-state of collagen (a), Pl-HA (b), and alginate (c).
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shift factor can, therefore, be determined from the zero-shear
viscosity as

aT (T) ¼ η0(T)
η0(Tref )

: (21)

The relationship in Eq. (21), which is also theoretically
predicted in molecular models such as those attributed to
Rouse [67] and Doi and Edwards [32], offers a direct way to
determine the horizontal shift factors based on material prop-
erties, rather than relying on specific postprocessing algo-
rithms that minimize the difference between the shifted
curves [68,69]. Despite being theoretically robust, Eq. (21) is
not commonly used to quantify the shift factors because of
experimental difficulties in measuring the zero-shear viscos-
ity. Conventionally, the information regarding zero-shear vis-
cosity is extracted from an already superimposed master
curve, which restricts the application of Eq. (21).

We investigate two molten PS samples with molecular
weights of 14 000 (PS-14k) and 46 000 (PS-46k). We show
that the TTS shift factors, determined by exploiting the link
between the strain shifts and zero-shear viscosities, can be
obtained as in Eq. (21) without the use of a fitting algorithm.
The master curve of PS-46k is displayed in Fig. 13(a) as
G0(aTω) and G00(aTω), with the colors coded for different
measurement temperatures. The G00=ω is presented on the
right y axes, where the zero-shear viscosity is quantified to
be η0 � 1:7� 104 Pa s following Eq. (19). A van Gurp–
Palmen-plot (vGP-plot) is shown in Fig. 13(b) to confirm the
superposition quality [70] as the data collected from individ-
ual temperatures form a continuous curve without vertical
shifting (bT ¼ 1). The local minimum in the vGP-plot is
interpreted as indicating that the sample is entangled
(Me � 135 000) [71] and that the plateau modulus is
G0

N � 2� 105 Pa, in agreement with previous studies of
PS [72].

FIG. 12. Strain response from collagen [(a) and (b)], Pl-HA [(c) and (d)], and alginate [(e) and (f )] in the corresponding sol- and gel-phase at an angular fre-
quency of 0.5 rad/s. The stress is imposed with varying phases of ψ of 0 (blue), π=4 (green), and π=2 (red), and the corresponding strain shifts are labeled as
dashed lines.
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The TTS horizontal shift factors aT that are used to con-
struct the master curve are presented as a function of mea-
surement temperature in Fig. 14. The WLF model is used to
fit the data and is shown as a dashed line. The WLF fit
parameters in Eq. (9) are C1 ¼ 6:15 and C2 ¼ 98:48K. We
further perform a series of stress-controlled SAOS measure-
ments across the same temperature range, extracting the strain
shifts γS. Following Eq. (18), the zero-shear viscosity at each
temperature is subsequently determined. The horizontal shift
factors are then calculated as indicated in Eq. (21) and pre-
sented in Fig. 14 as red stars. We observe that the TTS shift
factors determined from the strain shift are consistent with
the WLF model fit determined by the algorithm employed by
TRIOS. The strain shifts below 130 �C are smaller than 10�5

and experimentally unresolvable due to rheometer

measurement limitation, as the polymer melt approaches its
glassy regime. The results from PS-14k are included in
Appendix, and the same equivalence of TTS shift factors is
obtained.

Finally, the zero-shear viscosity determined from the
strain shift is displayed in Fig. 15 (right axis), where the vis-
cosity determined at each temperature is related to the refer-
ence temperature by presenting η0(T)=aT (T). While the
zero-shear viscosity is typically taken from data in the termi-
nal regime, we observe that the zero-shear viscosity can be
determined well above the terminal regime, by over one
decade in frequency. The highest frequency at which a cons-
tant η0 is determined corresponds to the frequency at which
the plateau modulus G0

N is observed. It is expected that η0
would not stay constant and ought to decrease with further
increases in frequency. Further investigation of the frequency
dependence using the strain shift effect is restricted by the
current capability of a rheometer and is outside the scope of
this work.

Overall, we have demonstrated that the strain shift can be
used to efficiently determine the zero-shear viscosity of
polymer melts and that the approach can be further applied
to determine the TTS shift factors in an algorithm-free
manner.

TABLE I. Strain shifts and zero-shear viscosities determined from the three distinct biological systems in corresponding sol- and gel-phase.

Material ψ

Sol-state Gel-state

γS/σ0 (1/Pa) η0 (Pa s) γS/σ0 (1/Pa) η0 (Pa s)

Collagen 0 57.53 0.0348 ± 0.001 4.71 × 10−3 424.63 ± 26
π/4 41.27 0.0343 ± 0.001 2.98 × 10−3 474.56 ± 32

Pl-HA 0 6.87 0.291 ± 0.004 1.09 × 10−5 1.84 × 105 ± 0.42 × 105

π/4 4.77 0.297 ± 0.007 6.44 × 10−6 2.18 × 105 ± 0.63 × 105

Alginate 0 2.80 0.714 ± 0.08 1.27 × 10−7 1.57 × 107 ± 2.1 × 107

π/4 1.31 0.763 ± 0.1 5.94 × 10−8 2.64 × 107 ± 3.52 × 107

FIG. 13. Master curve of PS-46k constructed at a reference temperature of
155 �C (a) and the vGP-plot (b); the dashed line in the vGP-plot indicates
the minimum of phase angle, where the plateau modulus G�

N � 2� 105 Pa is
defined.

FIG. 14. Horizontal shift factors of TTS from PSk-46k at Tref ¼ 155 �C.
The dashed line represents the fitting from the WLF equation (C1 ¼ 6:15
and C2 ¼ 98:48K), and the red stars are determined from strain shifts
following Eqs. (18) and (21).
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IV. CONCLUSION AND OUTLOOK

The phenomenology of strain responses being shifted
from the origin under stress-driven oscillatory shearing has
been extensively investigated. We have presented a simple
theory of strain shifting under oscillatory stressing that
follows the same approach as that used to determine the unre-
coverable strain in traditional creep and recovery tests. Our
theory is based on the concepts of recovery rheology
[15,18,42,43], where the strain shift depends on the
zero-shear viscosity and three experimental parameters
including the stress amplitude, the imposed frequency, and
the phase of the imposed stress. The theoretical prediction is
experimentally validated with measurements from two poly-
meric systems including entangled PLMs and PEO solutions.
An approach to probing the zero-shear viscosity has, there-
fore, been established, and it is shown that this approach
agrees with the steady-shearing results and could be more
efficient and practical for a range of complex materials.

Rheo-SANS is used to show that the strain shifting phenom-
enon does not affect the microstructure. While distinct strain
shifts are observed for the total strain, the recoverable strain
contains no shifting and always oscillates about the origin. The
recoverable strain is also observed to correlate to segmental
alignment regardless of flow conditions, resulting in a distinct
structure-property-processing relationship, Af/ j γrec j. We,
therefore, conclude that the recoverable strain reveals the micro-
scopic deformation [15] and the total strain shift contains infor-
mation relating to the shear viscosity.

The approach is further applied to a wide variety of materi-
als, including biological gels and polymer melts that fracture at
the edges when subjected to large strains and strain rates.
While steady shearing for long times is typically not feasible
for these stiff materials, measuring the strain shift allows us to
determine their zero-shear viscosities efficiently and accurately.
In particular, for polymer melts, with this rapid determination
of zero-shear viscosity, we have shown that the horizontal shift
factors of TTS can be experimentally determined in an
algorithm-free manner and are consistent with the WLF model.

Past work has raised the question of whether it is better to
use sinusoidal or cosinusoidal stresses for oscillatory stress

rheometry. Cosinusoidal stresses have been suggested
because of the convenience of retaining positivity in Fourier
harmonics in nonlinear tests. We conclusively address this
question in this work, by showing and explaining the physi-
cality of both approaches, as well as every other phase shift
one may wish to implement. In short, one can clearly obtain
viscosity information, free from any elastic effects, from
sinusoidal stressing, while cosinusoidal stressing will force
the total strains to oscillate about zero. While cosinusoisal
stressing conveniently leads to the strain oscillating about the
starting point of the experiment, it does so at the expense of
being able to easily determine the zero-shear viscosity. Both
approaches, therefore, have their respective merits.

The results of this study, when viewed in the context of
our recent work [15], indicate the emergence of a more
nuanced view of experimental determinations of viscoelastic
responses from oscillatory shearing. We have shown that the
recoverable strain and unrecoverable strain rate are the
primary measurables that relate to the determination of
moduli and viscosities. The recoverable strain dictates the
elasticity by creating a more ordered and more aligned con-
figuration that is entropically unfavorable, and the rate at
which strain is acquired unrecoverably determines the flow
viscosity. These metrics that define elastic and viscous
responses, the recoverable strain and unrecoverable strain rate,
are not necessarily in-phase with the total strain or the total
strain rate. This view may seem at odds with the typical
assumption applied to linear-regime oscillatory rheology that
elastic behaviors are in-phase with the (total) strain, while
viscous behaviors are in-phase with the (total) strain rate. It is
not. The dynamic moduli, G0 and G00, which are the prefactors
of the in- and out-of-phase components of the oscillatory
output, are proportional to the average energy stored per unit
volume of the material over a cycle of the excitation and the
energy dissipated per unit volume of the material over a cycle
of deformation [5]. To accurately determine the instantaneous
energetic terms, which then get averaged to calculate the
dynamic moduli, one must know the elastic deformation and
the rate at which deformation is acquired viscously. These can
be measured via recovery tests [15], or by measuring the strain
shift under oscillatory stressing, as we have shown here.

In summary, we provide a theoretical, bulk-rheological,
and structural understanding of strain shifting under oscilla-
tory stresses. The information that is unveiled in the work
can be generally applied to any viscoelastic materials, which
paves a rigorous and efficient approach to measure the
zero-shear viscosity.
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Postscript: We have recently been made aware of the
development of a theory based on the results presented here.
While our work deals exclusively with the steady state alter-
nating case, this new work, which confirms our major find-
ings, considers the initial transience from startup.

APPENDIX: ADDITIONAL DATA FROM PS-14K

Figure 16 contains the data from PS-14K. The master
curve is first presented in Fig. 16(a), followed by the

horizontal shift factors collected at numerous temperatures in
Fig. 16(b). Similar to PS-46K, the determination of horizon-
tal shift factors from Eq. (21) using strain shifts agrees with
the WLM model fit.
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