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ABSTRACT
This study presents an investigation of the extensional, shear, and oscillatory rheological behavior of a 3 wt% native bovine 
collagen dispersion using capillary rheometer and oscillatory shear testing. Extensional viscosity was determined from the en-
trance pressure drop using Cogswell's analysis. The entrance pressure drop was obtained through both Bagley extrapolation and 
orifice die methods. The close agreement between Bagley and orifice die results confirms the reliability of the entrance pressure 
measurements and indicates that the fabricated orifice die can be used for direct entrance pressure drop determination within 
the investigated range. The collagen dispersion exhibited pronounced shear thinning and extensional thinning behavior. The 
apparent shear viscosity (�app) decreased from approximately �app = 250 Pa·s to �app = 6.3 Pa·s while the extensional viscosity (�E ) 
decreased from approximately �E = 1.6 × 106 Pa·s to �E = 3.4 × 104 Pa·s over the investigated deformation rate range. Small and 
large amplitude oscillatory shear (SAOS and LAOS) measurements showed solid-like viscoelastic behavior in the linear regime 
and nonlinear viscoelastic behavior at large strain amplitudes. Fourier transform (FT) rheology results showed a progressive 
increase in higher harmonic contributions with increasing strain amplitude. Results are relevant for the design and optimization 
of collagen-based food, biomedical, and extrusion processes.

1   |   Introduction

Extensional viscosity is a critical rheological parameter for char-
acterizing the non-shear deformation behavior of food materi-
als [1, 2]. Extensional viscosity plays an essential role in process 
design, product development, and quality assurance, as well as 
in the modeling and optimization of numerous food processing 
operations [1, 2]. Extensional flow becomes relevant in processes 
involving stretching or elongation, such as extrusion, contraction 
flows, fiber spinning, and blow molding [3]. In food systems, sim-
ilar deformation mechanisms occur frequently during protein ex-
trusion [4], dough kneading [5], and cheese stretching [6]. Hence, 
evaluation of extensional viscosity is essential for optimizing pro-
cessing conditions and ensuring desirable product characteristics.

Various experimental techniques, such as Sentmanat extensional 
rheometer (SER) [7], extensional viscosity fixture (EVF) [8–11], 
filament-stretching extensional rheometers (FiSER) [11, 12], 
and capillary break-up extensional rheometers (CaBER) [13, 14], 
have been developed to evaluate the extensional flow proper-
ties of materials. Most of these methods are primarily suited for 
highly viscous materials such as polymer melts and doughs that 
can be formed into stable filaments or sheets. However, they are 
unsuitable for low viscosity fluids like protein solutions, which 
cannot maintain a well-defined shape due to their mobile nature 
[3, 15]. In contrast, the entrance pressure drop method offers a 
practical approach for determining extensional viscosity in both 
low and high viscosity fluids using a conventional capillary rhe-
ometer [16]. In this method, the contraction flow at the capillary 
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entrance generates an extensional flow field, from which exten-
sional viscosity can be derived using the method proposed by 
Cogswell [17, 18]. This method relates the measured entrance 
pressure drop to the corresponding apparent extensional stress 
and apparent extensional rate to calculate the extensional vis-
cosity [17, 18]. The Cogswell approach has previously been re-
ported as a practical method for estimating extensional viscosity 
from entrance pressure drop in viscoelastic food materials [4].

The entrance pressure drop can be obtained either through 
Bagley correction or by using an orifice die, defined by its very 
small length-to-diameter (L/D) ratio [16, 19–24]. The Bagley 
method involves plotting the measured capillary pressure drop 
as a function of the length-to-diameter ratio of the capillary dies 
at various apparent shear rates [16, 20]. Extrapolation of the 
measured pressure data to zero length of capillary provides the 
entrance pressure drop [20]. This procedure typically requires 
measurements using at least two capillaries of the same diam-
eter but different lengths, while using three capillaries is pref-
erable for improving accuracy [20]. As a simpler alternative, the 
orifice die method directly measures entrance pressure drop 
using a very short die, eliminating the need for extrapolation 
and simplifying the experimental procedure.

Reliable estimation of the entrance pressure drop using the 
Bagley approach is highly sensitive to both the selection of capil-
lary L/D ratios and the accuracy of the extrapolation procedure 
[16, 20]. In contrast, measurements obtained using an orifice 
die depend critically on the die geometry, particularly the L/D 
ratio, entrance angle, and outlet design, which must be con-
figured to prevent the extrudate polymer from adhering to the 
downstream die walls. Adhesion or sticking of the polymer at the 
orifice die exit can introduce additional flow deformation, lead-
ing to an overestimation of the entrance pressure drop [21–24]. 
Padmanabhan and Macosko [16] reported that for low-density 
polyethylene (LDPE), the entrance pressure drops obtained via 
Bagley extrapolation were higher than those measured directly 
with an orifice die. They attributed this result to uncertainty asso-
ciated with the extrapolation process. Sunder and Goettfert [20] 
emphasized that obtaining reliable Bagley corrections requires 
an appropriate selection of capillary lengths that differ suffi-
ciently to prevent error accumulation. They recommended using 
dies with L/D ratios of approximately 5, 10, and 20 to minimize 
the accumulation of small measurement errors. Kelly et al. [21] 
investigated the flow behavior of linear low-density polyethylene 

(LLDPE) using a twin-bore capillary rheometer equipped with 
six orifice dies of 1 mm diameter and L/D ratios ranging from 0.1 
to 1. They found that for dies with L/D ≤ 0.5, the L/D ratio had 
little influence on the measured entrance pressure drop. Kim 
and Dealy [22] found that an orifice die with an entrance angle 
greater than 90° and a sufficiently widened exit section yields re-
liable measurements. Under these conditions, the entrance pres-
sure drop measured directly with the orifice die agreed closely 
with the values obtained from Bagley extrapolation for both 
LLDPE and linear metallocene polyethylene (LmPE). Zatloukal 
and Musil [23] demonstrated through combined theoretical and 
experimental analysis on LDPE that melt contact with the down-
stream region of a conventional orifice die leads to an overesti-
mation of the entrance pressure drop. To overcome this issue, 
they developed and tested a modified orifice die with an open 
exit section, which effectively eliminated the artificial pressure 
increase and produced more accurate and reproducible entrance 
pressure measurements. Aho and Syrjala [24] compared en-
trance pressure drops obtained from Bagley extrapolation and an 
orifice die for LDPE and polystyrene (PS) melts. They found that 
the orifice die method yielded higher entrance pressure values, 
primarily due to melt adhesion at the die exit.

Collagen and collagen-based materials are widely used in food, 
biopharmaceutical, and cosmetic industries [25]. Applications 
include biological dressings, tissue scaffolds, sausage casings, 
and other collagen-derived food products [25, 26]. The global 
collagen market reached approximately 4.7 billion USD in 2020, 
with the food and beverage (~32%) and health management 
(~48%) sectors accounting for nearly 80% of total consumption 
[27]. This market is projected to grow to about 7 billion USD by 
2027 (ca. 6% per year) [27]. The increasing industrial relevance 
of collagen highlights the need for a fundamental understand-
ing of its flow behavior for designing and optimizing processes 
such as extrusion, pumping, and kneading [28]. In contrast, pre-
vious rheological studies of water-based native collagen using 
capillary rheometers have focused mainly on shear viscosity 
measurements [28–31], whereas extensional viscosity measure-
ments using capillary rheometers have not yet been reported for 
native collagen dispersions. Consequently, the extensional rhe-
ological behavior of native collagen dispersions obtained from 
capillary rheometers remains largely unexplored.

On the other hand, several studies have investigated the vis-
coelastic behavior of collagen-based materials using small and 
large amplitude oscillatory shear (SAOS and LAOS) testing 
[28, 32–39]. Štípek et  al. [39] performed SAOS measurements 
on water-based native collagen dispersions with concentrations 
ranging from 1.5 to 7.6 wt% and reported that both storage and 
loss moduli increased with increasing collagen concentration. 
However, their LAOS measurements were limited to a colla-
gen concentration of 6 wt%. In contrast, most oscillatory shear 
studies have focused on acid- or pepsin-solubilized collagen gels 
rather than water-based native collagen dispersions [32–38]. 
Therefore, the nonlinear viscoelastic behavior of water-based 
native collagen dispersions, especially at low concentrations, re-
mains poorly characterized and quantified and requires further 
investigation.

This study investigates the extensional and shear flow behav-
ior of a low-concentration (3 wt%) water-based native collagen 

Highlights

•	 Extensional, shear, and oscillatory rheology of 
collagen.

•	 Pronounced shear and extensional thinning behavior 
of collagen.

•	 Close agreement in entrance pressure from Bagley 
correction and orifice die.

•	 SAOS and LAOS reveal linear and nonlinear viscoe-
lastic responses.

•	 Quantitative data for modeling and prediction of col-
lagen extrusion behavior.
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dispersion using a capillary rheometer. The extensional vis-
cosity is determined from the entrance pressure drop using 
the Cogswell method. The entrance pressure drop is obtained 
using both the Bagley correction and the orifice die techniques. 
In addition, small and large amplitude oscillatory shear (SAOS 
and LAOS) tests were performed to characterize both the linear 
and nonlinear viscoelastic properties of the collagen dispersion. 
Collagen gels used in co-extruded food casing applications typ-
ically contain 3–6 wt% collagen, placing the concentration of 
3 wt% at the lower bound of industrial relevance [26]. Therefore, 
the concentration selected in this study is relevant from both 
industrial and scientific perspectives. By combining shear, ex-
tensional, and oscillatory rheological measurements at this 
concentration, this study provides a comprehensive rheologi-
cal characterization of water-based native collagen dispersions 
and fills a gap in the quantitative characterization of low-
concentration collagen dispersions under shear, extensional, 
and oscillatory deformation. To the best of our knowledge, 
extensional rheology obtained from capillary entrance pres-
sure analysis and nonlinear viscoelastic characterization using 
LAOS has not previously been reported for a low-concentration 
water-based native collagen dispersion. The results provide rel-
evant data for optimizing collagen-based processing operations.

2   |   Materials and Methods

2.1   |   Materials

The material investigated in this study was an aqueous dis-
persion of native bovine collagen Type I obtained from bovine 
skin. The collagen was supplied by Devro Ltd. (Jilemnice, Czech 
Republic), a company specializing in producing collagen casings 
for the food industry. The dispersion contained 3 wt% collagen, 
and no chemical additives were used. Before the experiments, 
the samples were stored in a refrigerator at 10°C ± 1°C in evac-
uated bags to prevent chemical reactions, specifically oxidation, 
humidification, and degradation.

2.2   |   Capillary Rheometer and Experimental Setup

Rheological measurements of the collagen dispersion were 
performed using a Goettfert Rheograph (RG 50, with 50 kN 
maximum force) capillary rheometer operated at the Institute 
for Chemical Technology and Polymer Chemistry (ITCP), 
Karlsruhe Institute of Technology (KIT), Germany. The colla-
gen dispersion was loaded into the rheometer barrel and com-
pressed by the piston at a controlled speed to force the material 
through the capillary die. Care was taken during loading to min-
imize trapped air and ensure uniform filling of the barrel. Based 
on the recordings from the pressure transducer (0–200 bar, 
Goettfert, Germany) the software of the capillary rheometer 
provided the total pressure drop during each measurement. The 
flow rate is obtained from the displacement of the piston and 
its area. Figure 1 shows a schematic of the capillary rheometer 
setup used for the measurements. As illustrated in Figure 1, the 
total pressure drop associated with flow through a capillary die 
of length L and diameter D can be expressed as:

where ΔPTotal represents the total pressure drop, ΔPCap corre-
sponds to the pressure drop due to shear flow over the capillary 
length, and ΔPEnt represents the entrance pressure drop associ-
ated with extensional flow at the die entry.

The entrance pressure drop was determined using two ap-
proaches: the Bagley correction method and the orifice die 
technique. For the Bagley correction, three circular capillary 
dies with a constant diameter (D = 2 mm) and lengths of 10, 
20, and 30 mm were used. These geometries correspond to L/D 
ratios of 5, 10, and 15, respectively. The measured total pres-
sure drops for each geometry were plotted as a function of the 
corresponding L/D ratio. Linear extrapolation of these data to 
L = 0 yielded the intersections, which represent the entrance 
pressure drops.

For the orifice die method, a short circular die with L = 0.8 mm 
and D = 2 mm (L/D = 0.4) and an entrance angle of 180° was 
designed and manufactured at ITCP, Karlsruhe Institute of 
Technology (KIT), Germany. The die incorporates a wide-open 
downstream section that could prevent contact between the 
collagen sample and the die wall, thereby eliminating artificial 
pressure increases. This design could provide a more accurate 
determination of the entrance pressure drop. The orifice die is 
also equipped with four symmetrically arranged holes that en-
able mechanical attachment to the rheometer barrel through a 
screw-based connection system. A photograph of the fabricated 
orifice die is shown in Figure 2.

A comparative analysis was performed to assess the agreement 
between entrance pressure values obtained using the Bagley 
method and those derived from orifice die measurements. This 
comparison evaluates the consistency of both approaches in 
characterizing the extensional flow behavior of collagen. All 
measurements were conducted at room temperature (25°C). 
Apparent shear rates of 10, 100, 300, 500, and 1000 s−1 were (1)ΔPTotal = ΔPCap + ΔPEnt

FIGURE 1    |    Schematic of the capillary rheometer showing the pis-
ton, barrel, capillary die, and the pressure drop components: Total pres-
sure drop ΔPTotal, pressure drop over the capillary die length ΔPCap, and 
entrance pressure drop ΔPEnt.
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applied. Each measurement was repeated at least three times, 
and the average values were used for data analysis.

2.3   |   Cogswell Model and Calculation Procedure

The extensional viscosity was calculated using the Cogswell 
model based on the measured entrance pressure drop. This 
model assumes that the material exhibits extensional flow at the 
die entrance. The following relations were applied [18]:

where �E is the apparent extensional viscosity, �E is the apparent 
extensional stress, �̇E is the apparent extensional rate, ΔPEnt is 
the entrance pressure drop.

The shear flow behavior of collagen was determined using the 
Ostwald-de Waele (power law) model:

where K is the consistency index. �̇app, �corr, �app, and n can be 
determined from [40, 41]:

where Q is the volumetric flow rate and R is the radius of the die. 
�̇app is the apparent shear rate, �corr is the corrected shear stress, 
�app is the apparent shear viscosity, and n is the exponent of the 
power law model describing flow behavior.

As shear flow is often modeled using a power law relation, the 
extensional flow can also be represented using a power law for-
mulation for extensional flow [42]. The experimental datasets 
of the apparent extensional stress as a function of the apparent 
extensional rate will be described as follows:

where Ke and ne define the power law model parameters for ex-
tensional flow.

The corrected shear rate (�̇corr) was determined from the 
Rabinowitsch–Weissenberg correction as [43]:

It is important to note that the derivation of the Cogswell model 
for calculating extensional viscosity was originally developed 
without applying the Rabinowitsch–Weissenberg correction to 
maintain analytical simplicity [17]. According to Cogswell, intro-
ducing this correction would greatly increase the mathematical 
complexity [17]. As a result, the Cogswell model is expressed in 
terms of the apparent shear viscosity [17]. In the present work, 
the Rabinowitsch–Weissenberg correction is therefore not applied 
within the Cogswell framework, as the model is formulated using 
the apparent shear viscosity, which was calculated as described in 
Equation (7). However, this correction is applied to determine the 
true shear viscosity (�true), as presented in Equation (12) below, for 
comparison with the apparent shear viscosity.

(2)�E =
3 (n+1) �PEnt

8

(3)�̇E =
4 �app�̇

2
app

3(n+1) ΔPEnt

(4)�E =
�E

�̇E

=
9 (n+1)2�P2Ent
32 �app�̇

2
app

(5)�corr=K �̇
n
app

(6)�̇app=
4Q

�R3

(7)�corr=
ΔPCap ⋅R

2L
=

(

ΔPTotal−ΔPEnt
)

⋅R

2L

(8)�app=
�corr

�̇app

(9)n=
d
(

log �corr

)

d
(

log �̇app

)

(10)�E =Ke �̇E
ne

(11)�̇corr=
4Q

�R3
3n+1

4n

(12)�true=
�corr

�̇corr

FIGURE 2    |    Photograph of the orifice die (L = 0.8 mm, D = 2 mm, L/D = 0.4, entrance angle = 180°) designed and manufactured at ITCP, Karlsruhe 
Institute of Technology (KIT), Germany.
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Zatloukal et al. [40] introduced the concept of entrance viscosity 
to provide a more general and precise physical description of the 
viscosity behavior across a wide range of apparent shear rates. 
Entrance viscosity is defined as [40]:

The orifice die method assumes that the capillary pressure drop 
is negligible and therefore the measured total pressure drop is 
equal to the entrance pressure drop.

2.4   |   Oscillatory Shear Testing

Small amplitude oscillatory shear (SAOS) and large amplitude 
oscillatory shear (LAOS) tests were performed using a strain-
controlled rheometer (ARES G2, TA Instruments) equipped with 
a 25 mm cross-hatched parallel plate geometry and a 1 mm gap. 
The temperature was maintained at 25°C ± 0.1°C using a Peltier-
controlled system. A solvent trap was used throughout the tests 
to minimize moisture loss and ensure temperature stability of the 
collagen samples. SAOS testing was performed to evaluate the lin-
ear viscoelastic (LVE) behavior of the collagen dispersion. A dy-
namic strain sweep was first conducted at a constant frequency 
of ω = 1 Hz with strain amplitudes ranging from γ0 = 0.01% to 
995%. The applied strain amplitude range covers both the linear 
viscoelastic (LVE) and nonlinear viscoelastic regimes, allowing 
identification of the LVE regime. Based on these results, a dy-
namic frequency sweep was then performed within the LVE re-
gion at a fixed strain amplitude of γ0 = 1.0% over a frequency range 
of ω = 0.1–100 Hz. To assess the nonlinear viscoelastic behavior, 
LAOS testing was conducted at a constant frequency of ω = 1 Hz 

with strain amplitudes ranging from γ0 = 2.7% to 995%. The non-
linear material response was analyzed using Lissajous–Bowditch 
plots to visualize the stress–strain behavior during the oscillation 
cycle, and Fourier transform (FT) rheology to provide a quantita-
tive characterization of nonlinear viscoelasticity. All SAOS mea-
surements represent the mean of two independent replicates. For 
LAOS measurements, a single test was conducted and represen-
tative plots of Lissajous–Bowditch and FT-rheology are reported.

3   |   Results and Discussion

3.1   |   Shear Flow Behavior

Figure  3 shows the relationship between apparent shear stress 
and apparent shear rate for the 3 wt% collagen dispersion mea-
sured using three dies with different L/D ratios. The apparent 
shear stress here refers to values calculated directly from the total 
pressure drop without subtracting the entrance pressure via the 
Bagley method. All datasets are described by the Ostwald-de 
Waele (power law) model. Table  1 presents Ostwald-de Waele 
model parameters derived from the apparent shear stress ver-
sus apparent shear rate data without applying any corrections. 
Table  2 shows Ostwald-de Waele model parameters after apply-
ing only the Bagley correction and after applying both Bagley and 
Rabinowitsch–Weissenberg corrections. The flow behavior index 
n obtained after applying only the Bagley correction was used in 
the Cogswell method to estimate extensional viscosity, since the 
Cogswell model was originally derived using uncorrected shear 
rates to maintain analytical simplicity, as noted in the Methods 
section. The parameters obtained after applying both the Bagley 
and Rabinowitsch–Weissenberg corrections were used to compute 
the true shear viscosity of the collagen dispersion.

Figure  4 presents both the apparent and true shear viscosity as 
functions of shear rate for the L/D = 30/2 capillary die. In both 
cases, viscosity decreases with increasing shear rate, indicating 

(13)�Ent=
ΔPEnt
�̇app

(14)ΔPTotal=ΔPEnt

FIGURE 3    |    Apparent shear stress as a function of apparent shear 
rate for collagen 3 wt%.

TABLE 1    |    Ostwald-de Waele model parameters from apparent shear stress versus apparent shear rate (uncorrected data).

Circular capillary die Circular capillary die Circular capillary die

L/D = 30/2 L/D = 20/2 L/D = 10/2

K (Pa·sn) n (−) R2 K (Pa·sn) n (−) R2 K (Pa·sn) n (−) R2

1258.19 0.23 0.96 1798.93 0.23 0.97 3525.02 0.22 0.97

TABLE 2    |    Ostwald-de Waele model parameters after Bagley 
correction (used for extensional viscosity calculation) and after Bagley 
and Rabinowitsch–Weissenberg corrections (used for true shear 
viscosity calculation).

Circular capillary die 
L/D = 30/2

Circular capillary 
die L/D = 30/2

Parameters after Bagley 
correction

Parameters after Bagley 
and Rabinowitsch–

Weissenberg corrections

K (Pa·sn) n (−) R2 K (Pa·sn) n (−) R2

143.43 0.32 0.87 125.15 0.32 0.87
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6 Polymer Engineering & Science, 2026

pronounced shear thinning behavior. As the shear rate increases, 
the forces binding collagen molecules are progressively disrupted. 
This allows the molecules to move more freely past one another, 
resulting in a pronounced decrease in viscosity [44]. The appar-
ent shear viscosity remains higher than the true viscosity across 
the entire range. After applying the Bagley and Rabinowitsch–
Weissenberg corrections, the viscosity curve shifts downward. 
This highlights the importance of applying these corrections to 
obtain an accurate representation of the shear viscosity.

The flow behavior indices (n < 1) presented in Tables 1 and 2 
confirm the shear thinning behavior of the collagen disper-
sion. The decrease in the consistency index (K) and the slight 
increase in the flow behavior index (n) with increasing capil-
lary length reflect more fully developed shear flow and veloc-
ity profiles, as well as reduced entrance effects in longer dies. 
Shorter capillaries are more affected by entrance pressure 
drop and incomplete flow development, which can lead to 
overestimation of shear stress and consequently overestimate 
the K value. In contrast, the flow behavior index n remains 
relatively constant across different die lengths, suggesting 
that die length influences the magnitude of shear stress more 
than the shape of the flow curve. Comparison with previously 

reported values provides further insight into the rheological 
behavior of collagen dispersions. Štípek et al. [30] investigated 
a highly concentrated (7.7 wt%) water-based bovine collagen 
dispersion using slit capillary dies. They reported power law 
flow indices (n) ranging from 0.15 to 0.27 and consistency co-
efficients (K) from 644 to 2090 Pa·sn. Similarly, Skočilas et al. 
[31] observed n values between 0.21 and 0.27 and K values 
between 860 and 2800 Pa·sn for 6.6–8.0 wt% collagen disper-
sions. The close agreement in n values indicates that the pres-
ent collagen dispersion exhibits comparable shear thinning 
behavior, despite its lower concentration.

3.2   |   Entrance Pressure Determination

Figure  5 shows Bagley plots for the collagen dispersion using 
circular capillary dies with L/D ratios of 5, 10, and 15 at differ-
ent shear rates. A linear fit was applied to the experimental total 
pressure drop data. The extrapolation of these lines to L/D = 0 
provided the entrance pressure drop for each shear rate by the 
intersection of the lines with the y-axis. The close alignment 
between the fitted lines and the experimental points indicates 
that the linear extrapolation is reliable for determining the en-
trance pressure drop. Figure  6 presents the entrance pressure 
drop obtained from both the Bagley correction and the orifice 
die method. The two methods agree closely across the examined 
shear rate range, indicating good consistency between the ap-
proaches. A deviation occurs at the lowest shear rate, where the 
orifice die yields lower entrance pressure value. For a low shear 
rate, the shear stress, even for a very short capillary, cannot be ne-
glected. Table 3 summarizes the entrance pressure drop (ΔPEnt) 
values, The relative error of the Bagley plots intercept, and rel-
ative error between Bagley and orifice die methods for a 3 wt% 
collagen dispersion. The relative errors of the Bagley plots inter-
cept ranged from 0.80% to 5.94%. Comparison with the relative 
error between the Bagley correction and orifice die methods in-
dicates that the uncertainty associated with the Bagley intercept 
is generally comparable to or lower than the error between the 
two approaches, supporting the reliability of the entrance pres-
sure determination. The relative error is highest at lower shear 
rate but decreases rapidly with increasing shear rate. This trend 

FIGURE 4    |    Apparent and true shear viscosity versus apparent shear 
and true shear rate for collagen 3 wt% for capillary L/D = 30/2.

FIGURE 5    |    Bagley plots at different shear rates for a 3 wt% collagen 
dispersion using three circular capillary dies with L/D ratios of 5, 10, 
and 15.

FIGURE 6    |    Comparison of the entrance pressure drop obtained 
from the Bagley correction and orifice die method for a 3 wt% collagen 
dispersion over the investigated apparent shear rate.
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7Polymer Engineering & Science, 2026

shows that the agreement between the methods improves con-
siderably as the flow becomes more stable at higher deformation 
rates. When compared with measurements reported for polymer 
melts, the relative errors observed in this study are notably lower. 
Aho and Syrjala [24] reported relative errors of approximately 
11%–19% for LDPE and 23%–53% for PS, where the orifice die pro-
vided entrance pressure drop values higher than those obtained 
by Bagley extrapolation. Sunder and Goettfert [20] found that the 

orifice die produced entrance pressures 10%–100% higher than 
those obtained by Bagley extrapolation for LDPE and PP. The re-
sults were attributed to the melt adhesion at the die exit region. 
In contrast, the collagen dispersion examined in this study shows 
good agreement between the two methods. This agreement in-
dicates that both the Bagley and orifice die approaches provide 
reliable estimates of the entrance pressure drop. The good agree-
ment also suggests that the selected L/D ratios (5, 10, and 15) were 
appropriate for accurate Bagley extrapolation.

Figure 7 shows the contribution of shear and entrance pressure 
drops to the total pressure drop at different apparent shear rates. 
The entrance pressure drop presented in this figure was deter-
mined using the Bagley correction method. The results show that 
the entrance pressure drop represents the dominant portion of the 
total pressure drop over the entire shear rate range. In contrast, 
the shear pressure drop represents a comparatively smaller frac-
tion. These results indicate that the flow of collagen dispersion is 
primarily dominated by extensional deformation at the entrance.

3.3   |   Extensional Flow Behavior

Figure 8 presents the apparent extensional stress as a function 
of the apparent extensional rate for the collagen dispersion. The 
data were obtained using both the Bagley correction and the or-
ifice die method. The datasets are described by the power law 
model for extensional flow (Equation 10), and Table 4 presents 
the obtained parameters.

Figure  9 presents a comparison between the apparent exten-
sional viscosity, apparent entrance viscosity (determined using 
both the Bagley correction and orifice die methods), and the ap-
parent shear viscosity (measured with a circular capillary die, 
L/D = 30/2) as a function of the corresponding apparent exten-
sional and shear rates.

The results show that the extensional viscosity remains 
higher than the shear viscosity across the entire extensional 
rate range. The significantly higher extensional viscosity 
compared with shear viscosity indicates that extensional de-
formation contributes significantly to flow resistance and 
should therefore be considered when describing the process-
ing behavior of collagen dispersions in processes involving 
stretching or elongational flow, such as extrusion and contrac-
tion flows. This behavior exceeds several times the Trouton 
ratio, which predicts an extensional-to-shear viscosity ratio 

TABLE 3    |    Entrance pressure drop values obtained from the Bagley correction and the orifice die method for collagen 3 wt%.

Apparent shear rate (1/s)
�PEnt (kPa) 

(Bagley)

Relative error 
of Bagley plot 
intercept (%)

�PEnt (kPa) 
(Orifice die)

Relative error between 
methods (%)

10 123.05 2.28 100.94 17.97

100 164.85 4.59 155.34 5.77

300 225.55 0.80 235.99 4.63

500 258.13 1.77 261.01 1.12

1000 297.52 5.94 309.60 4.06

FIGURE 7    |    Relative contributions of shear and entrance pressure 
drop to the total pressure drop as a function of apparent shear rate for a 
3 wt% collagen dispersion (entrance pressure drop was determined us-
ing the Bagley correction method).

FIGURE 8    |    Apparent extensional stress versus apparent extensional 
rate for collagen 3 wt%.
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8 Polymer Engineering & Science, 2026

of three for Newtonian fluids [45]. In our study, the exten-
sional viscosity of the 3 wt% collagen dispersion exceeded the 
shear viscosity by two to four orders of magnitude across the 
tested deformation rates, indicating a pronounced viscoelas-
tic response. Similar deviations from the Trouton ratio have 
been reported in other food-based biopolymers [32, 43]. Núñez 
et al. [43] observed Trouton ratio ranging from 250 to 2200 in 
cereal-based pastes. Similarly, Lan et al. [32] reported that a 
collagen solution with a concentration of 0.23 wt% exhibited 
a Trouton ratio of 10. This highlights the dominant contri-
bution of extensional flow resistance in collagen dispersion 
rheology. The figure indicates pronounced extensional thin-
ning behavior of the collagen dispersion. This behavior can 
be attributed to molecular alignment and reduced intermolec-
ular resistance under elongational flow. Similar extensional 
thinning behavior has been widely reported in viscoelastic 
food-based polymers such as breakfast cereal pastes [43], pro-
tein blends [46], xanthan gum solutions [47], oat suspensions 
[48], and wheat dough [49]. This emphasizes the characteris-
tic nature of extensional thinning in many food biopolymer 
systems. On the other hand, the entrance viscosity is consis-
tently higher than the shear viscosity. This indicates that the 
entry flow region contributes more significantly to the overall 
flow resistance than the shear flow within the capillary. The 
close agreement between the Bagley and orifice die methods 
further validates the entrance pressure drop approach and 
supports the validity of the extensional viscosity values calcu-
lated using the Cogswell analysis. Table 4 shows that the coef-
ficients of fitting determination (R2 > 0.98) and relatively low 
relative errors of the fitted parameters indicate that the power 
law model for extensional flow provides an excellent descrip-
tion of the measured behavior. The resulting model parame-
ters yield extensional flow indices of ne = 0.19 for the Bagley 

method and ne = 0.24 for the orifice die. These values confirm 
the pronounced extension thinning behavior of the collagen 
dispersion. The corresponding consistency coefficients are 
also very similar in magnitude, demonstrating strong agree-
ment between the two methods. These results indicate that 
both the Bagley correction and the orifice die method provide 
reliable estimates of the extensional flow characteristics of the 
collagen dispersion.

From a food processing perspective, these findings are directly 
relevant to applications like collagen extrusion (e.g., sausage 
casing production), where the material exhibits both shear 
and extensional deformation components. Accurate rheolog-
ical modeling of such processes requires the inclusion of both 
components. Importantly, our measurements indicate that 
entrance pressure represents 78%–85% of the total pressure 
drop, suggesting that exclusion of extensional effects in pro-
cess design could lead to major underestimation of required 
operational forces. Furthermore, our experimental results 
can provide valuable input for future development of constitu-
tive models and computational simulations of collagen flows. 
Additionally, these data allow direct comparisons with other 
biopolymers to assess how the extensional resistance of other 
biopolymers compares to collagen.

3.4   |   Oscillatory Strain Amplitude 
and Frequency Sweeps

Figure 10a shows the storage modulus (G′), loss modulus (G′′), 
and the relative intensity of the harmonic ratio I3/I1 of the 
3 wt% native collagen dispersion as a function of oscillatory 
strain at a constant frequency of ω = 1 Hz. At low strain am-
plitudes, both moduli remain nearly constant, indicating that 
the material is within the linear viscoelastic regime (LVE). In 
this regime, G′ is significantly higher than G′′, demonstrating 
a solid-like response. In the study of Štípek et al. [39], the vis-
coelastic properties of water-based native bovine collagen gels 
were investigated over a wide range of collagen mass fractions 
from 1.5 to 7.6 wt%. The authors reported that, in the linear 
viscoelastic regime, the storage modulus was higher than 
the loss modulus, indicating solid-like viscoelastic behavior. 
Furthermore, both storage and loss moduli increased sig-
nificantly with increasing collagen concentration. Similarly, 
Šupová et  al. [28] investigated the viscoelastic properties of 
water-based native bovine collagen gels with fraction of 5 wt%. 
Their oscillatory rheology measurements showed that colla-
gen gels exhibit dominant elastic behavior and viscoelastic 
solid-like properties in the linear viscoelastic regime. In addi-
tion, they reported that the rheological properties of collagen 
gels are strongly influenced by the structural organization and 
orientation of collagen fibrils.

TABLE 4    |    Evolution of the power law model for extensional flow (Equation 10).

Method Ke (Pa·sne) Relative error of Ke (%) ne (−) Relative error of ne (%) R2

Bagley 1.09 × 105 1.46 0.19 5.69 0.99

Orifice die 1.08 × 105 2.56 0.24 8.45 0.98

FIGURE 9    |    Apparent extensional viscosity, apparent entrance vis-
cosity, and apparent shear viscosity versus apparent extensional/shear 
rate for a 3 wt% collagen dispersion.
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The nonlinear viscoelastic response was quantified using the 
harmonic ratio I3/I1. Figure 10a shows that at low strain am-
plitudes, I3/I1 ≅ 1.22 × 10−3 at strain amplitude of γ0 ≅ 1% and 
has value of I3/I1 ≅ 1.28 × 10−3 at γ0 ≅ 13%, with fluctuations 
observed in the range of γ0 ≅ 1%–13%. Beyond this range, I3/I1 
ratio increases, reaching value of I3/I1 ≅ 3.88 × 10−3 at γ0 ≅ 19% 
and continuing to rise significantly at higher strain amplitudes. 
This behavior indicates the progressive development of nonlin-
ear viscoelasticity, which can be associated with structural re-
arrangement and eventual breakdown of the collagen network. 
The results also show a weak strain overshoot behavior in the 
loss modulus in the nonlinear viscoelastic regime. This phe-
nomenon has been widely reported in food-based viscoelastic 
materials such as protein dispersions [50], starch paste [51], 
gelatin [52], and xanthan gum solution [53]. Hyun et  al. [53] 
explained that the increase in the loss modulus prior to the 
overshoot for xanthan gum solution is attributed to structural 
rearrangement that enhances the resistance to applied defor-
mation, while the decrease in the loss modulus at higher strain 
amplitudes is attributed to progressive structural breakdown. 
This behavior is characteristic of structured viscoelastic ma-
terials under nonlinear deformation and transition from solid-
like to liquid-like behavior. A similar weak strain overshoot 
behavior has also been reported for collagen gels by Štípek 
et al. [39]. In contrast, the amplitude sweep results reported by 
Šupová et al. [28] for collagen gels did not show a pronounced 
loss modulus overshoot. This difference could be attributed to 
differences in collagen structure, network organization, the 
range of strain amplitudes used in the amplitude sweep tests, 
and sample preparation conditions.

Figure 10b shows the frequency sweep results measured within 
the linear viscoelastic regime at a fixed strain amplitude of 
γ0 = 1.0%. No crossover point between the storage and loss 

modulus was observed over the investigated frequency range, 
indicating the presence of an entangled fibrillar network in 
the collagen dispersion. The complex viscosity decreases with 
increasing frequency, indicating shear-thinning behavior and 
progressive alignment and partial disruption of the collagen 
network at higher deformation rates. Such behavior is typical 
for structured soft materials such as gels [54–56].

Figure  10c compares the absolute value of the complex vis-
cosity obtained from oscillatory measurements with the true 
shear viscosity obtained from capillary rheometer to investigate 
the applicability of the Cox–Merz rule [57]. According to this 
rule, the complex viscosity measured in oscillatory shear at a 
given angular frequency ω (rad.s−1) is approximately equal to 
the steady shear viscosity measured at the corresponding shear 
rate �̇ (s−1), assuming ω = �̇. Figure 10c shows that for the col-
lagen dispersion; the shear viscosity is consistently lower than 
the complex viscosity across the examined deformation range. 
This deviation indicates that the Cox–Merz rule is not applica-
ble to the present collagen system. Similar deviations have been 
reported for various biopolymer and hydrogel systems [54–56]. 
The deviation from the Cox–Merz rule observed in the present 
study can be attributed to the structured nature of collagen dis-
persions. Structured soft materials such as gels often do not fol-
low the Cox–Merz rule because the measured viscosity depends 
strongly on the applied flow profile and the degree of structural 
disruption during deformation [55, 56]. Oscillatory measure-
ments performed in the linear viscoelastic regime preserve 
the network structure and therefore result in higher apparent 
viscosities, whereas steady shear measurements may induce 
structural rearrangement, or partial breakdown of the network, 
leading to lower viscosity values [55, 56]. The deviation from the 
Cox–Merz rule therefore indicates that the collagen dispersion 
behaves as a structured, shear-sensitive network rather than a 
simple polymer solution.

FIGURE 10    |    Oscillatory rheological behavior of 3 wt% collagen dispersion showing (a) strain amplitude sweep, (b) frequency sweep, and (c) com-
parison of absolute value of the complex viscosity and true shear viscosity.
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3.5   |   Large Amplitude Oscillatory Shear (LAOS)

Figure 11 presents the stress–strain Lissajous–Bowditch curves 
obtained from large amplitude oscillatory shear (LAOS) mea-
surements for the 3 wt% collagen dispersion at different strain 
amplitudes ranging from approximately 2.7% to 995%. At low 
strain amplitudes (approximately 2.7%), the Lissajous curves 
exhibit an elliptical shape, indicating near-linear viscoelastic 
behavior where the stress response is proportional to the applied 
strain. As the strain amplitude increases (approximately 3%–
100%), the curves progressively deviate from an elliptical shape 
and become distorted, indicating nonlinear viscoelastic be-
havior and increased energy dissipation due to structural rear-
rangement of the collagen network. At higher strain amplitudes 
(approximately > 100%), the curves become more rectangular, 
indicating structural breakdown and viscous flow behavior of 
the collagen network. The evolution of the Lissajous curves from 
elliptical to distorted and rectangular shapes indicates a gradual 
transition from linear viscoelastic behavior to nonlinear visco-
elastic behavior at increasing strain amplitudes. Similar nonlin-
ear viscoelastic behavior using Lissajous curves evolution have 
been reported for food-based materials such as 6 wt% collagen 
dispersion [39], concentrated protein solutions [58], and rice 
starch gels [59].

To further quantify the nonlinear viscoelastic behavior ob-
served in the LAOS measurements, Fourier transform rheology 
(commonly known as FT-rheology) was applied. FT-rheology 
provides a powerful tool for analyzing nonlinear viscoelastic 
behavior by decomposing the stress response into harmonic 
contributions [60–62]. In the linear viscoelastic regime, the 
stress signal is dominated by the first harmonic, whereas the ap-
pearance of higher odd harmonics indicates the transition from 
linear to nonlinear viscoelastic behavior [60–62]. In particular, 

the harmonic intensity ratios In/I1, such as I3/I1, provide a quan-
titative measure of nonlinearity which may not be provided 
from Lissajous–Bowditch analysis. Figure 12 presents the time-
domain stress signals and the corresponding frequency-domain 
spectra at different strain amplitudes. The nonlinear viscoelas-
tic response was quantified using the harmonic ratio In/I1. FT-
rheology has been widely applied to various soft and food-based 
materials, including xanthan gum [63, 64], hyaluronic acid [63], 
egg white protein foams [64], and peanut butter [65].

The FT spectra in Figure 12 show that the contribution of higher 
harmonics increases with increasing deformation, confirming 
the transition from linear to nonlinear response. At moderate 
strain (γ0 ≅ 37%), the third harmonic contribution remains 
relatively small (I3/I1 ≅ 0.02), indicating weak nonlinearity. A 
small contribution of the fifth harmonic (I5/I1 ≅ 0.002) is also 
observed. With increasing strain amplitude (γ0 ≅ 138%), the 
contribution of higher harmonics increases (e.g., I3/I1 ≅ 0.11), 
reflecting the onset of nonlinear behavior. At large strain ampli-
tudes (γ0 ≅ 995%), a significant increase in harmonic intensity is 
observed (e.g., I3/I1 ≅ 0.21), along with the appearance of higher-
order harmonics (e.g., I9/I1, I11/I1), indicating strong nonlinear 
viscoelasticity. The progressive increase in higher harmonic in-
tensities indicates a transition from linear viscoelastic behavior 
to a strongly nonlinear regime. This behavior can be attributed 
to structural rearrangements within the collagen network, in-
cluding alignment, stretching, and partial breakdown of fibrillar 
structures under large deformation. These findings are consis-
tent with the Lissajous–Bowditch analysis, where deviations 
from elliptical shapes and the development of distorted stress–
strain loops were observed at higher strain amplitudes. The 
present FT-rheology results can be used to distinguish between 
different collagen dispersions exhibiting similar SAOS behavior, 

FIGURE 11    |    Stress–strain Lissajous–Bowditch curves obtained from large amplitude oscillatory shear (LAOS) measurements of 3 wt% collagen 
dispersion at different strain amplitudes ranging from 2.7% to 995% at a constant frequency of 1 Hz.
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as variations in higher harmonic intensities can provide a sensi-
tive indicator of differences in collagen structure and nonlinear 
deformation response. On the other hand, it can provide a quan-
titative basis for predicting the nonlinear response of collagen 
dispersions under processing-relevant deformation conditions.

4   |   Conclusions

This study presented a comprehensive rheological investigation 
of a 3 wt% native bovine collagen dispersion. Entrance pressure 
drop was determined using both Bagley correction and a mod-
ified orifice die, and extensional viscosity was estimated using 
Cogswell's analysis. Capillary rheometer results showed strong 
shear-thinning and extensional-thinning behavior of collagen, 
with extensional viscosity significantly exceeding shear viscos-
ity over the entire deformation rate range. The close agreement 
between Bagley extrapolation and the orifice die method con-
firmed the reliability of the entrance pressure determination 
and validated the fabricated orifice die for direct entrance pres-
sure measurements. The oscillatory shear results showed that 
the collagen dispersion exhibits solid-like behavior in the linear 
viscoelastic regime. LAOS analysis indicated progressive struc-
tural breakdown and nonlinear viscoelastic behavior with in-
creasing strain amplitude. FT-rheology provided a quantitative 

characterization of the nonlinear viscoelastic response through 
harmonic intensity ratios. The progressive increase of higher 
harmonics with strain amplitude confirmed the transition 
from linear to nonlinear behavior of collagen. This work pro-
vides new insights into the flow behavior of water-based native 
collagen systems under shear and extensional flow conditions 
relevant to food and biopolymer processing. The combined rhe-
ological analysis provides a quantitative description of collagen 
behavior under shear, extensional, and oscillatory deforma-
tion. By linking measured viscosities and harmonic intensity 
ratios to deformation conditions, the results enable prediction 
of flow behavior under processing-relevant conditions. These 
findings provide quantitative input for modeling, design, and 
optimization of processing operations involving collagen dis-
persions, particularly extrusion processes. Furthermore, the 
methodology applied in this study has potential for integration 
into inline measurement systems, enabling real-time process 
monitoring, quality control, and improved process efficiency. 
While this study provides a comprehensive rheological charac-
terization of a low-concentration collagen dispersion relevant 
to industrial processing, future work could investigate the in-
fluence of concentration, temperature, shear-induced molec-
ular weight degradation, and structural organization on the 
rheological behavior of collagen dispersions under different 
processing conditions.

FIGURE 12    |    Time-domain stress responses of the collagen dispersion at different strain amplitudes (a), (c), and (e) and their corresponding FT 
spectra in the frequency domain (b), (d), and (f). The intensity of the higher harmonics (In/I1) is presented on a logarithmic y-scale.
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