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  ABSTRACT 

  This study investigated the effects of aging and fat con-
tent on the texture of Cheddar cheese, both mechanical 
and sensory aspects, over a 9-mo aging period. Cheeses 
of 6, 16, and 33% fat were tested at 0.5, 3, 6, and 9 mo 
of aging. Cheeses were evaluated by a trained sensory 
panel using an established texture lexicon as well as 
instrumental methods, which were used to probe cheese 
structure. Sensory analysis showed that low-fat cheeses 
were differentiated from full-fat cheeses by being more 
springy and firm and this difference widened as the 
cheeses aged. In addition, full-fat cheeses broke down 
more during chewing than the lower fat cheeses and the 
degree of breakdown increased with aging. Mechanical 
properties were divided by magnitude of deformation 
during the test and separated into 3 ranges: the linear 
viscoelastic region, the nonlinear region, and fracture 
point. These regions represent a stress/strain response 
from low to high magnitude, respectively. Strong rela-
tionships between sensory terms and rheological prop-
erties determined in the linear (maximum compliance) 
and nonlinear (critical stress and strain and a nonlinear 
shape factor) regions were revealed. Some correlations 
were seen with fracture values, but these were not as 
high as terms related to the nonlinear region of the 
cheeses. The correlations pointed to strain-weakening 
behavior being the critical mechanical property. This 
was associated with higher fat content cheeses breaking 
down more as strain increased up to fracture. Increased 
strain weakening associated with an increase in fat 
content was attributed to fat producing weak points 
in the protein network, which became initiation sites 
for fracture within the structure. This suggests that fat 
replacers need to serve this functional role. 
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  INTRODUCTION 

  Cheese is a very popular food in the United States; 
the cheese industry has experienced rapid growth with 
product availability tripling since 1970 (Wells and 
Buzby, 2007). Trends toward healthier eating and a 
consumer preference for lower fat foods have resulted 
in increased interest in low-fat cheeses (Sandrou and 
Arvanitoyannis, 2000). However, consumer perception 
of low- and reduced-fat cheese has not necessarily been 
positive, as these cheeses often have off-flavors, differ-
ent appearance, and rubbery texture (Hamilton et al., 
2000; Mistry, 2001). 

  Lower fat cheeses are made from lower fat milks 
and thus have higher protein to fat ratios than full-
fat cheeses; this causes the lower fat cheeses to have 
a more dense protein network and firmer texture. To 
try to compensate for the increased protein concentra-
tion, water is added back into the cheeses to offset the 
decreased fat content, but the texture is still firmer 
than full-fat cheeses (Johnson and Chen, 1995). Water 
addition is one of several methods used to offset fat re-
duction during cheese production by increasing cheese 
moisture; this method involves the curds being washed 
or soaked in water after the whey draining step (Scott, 
1986; Drake and Swanson, 1995). This approach has 
been shown to increase consumer acceptance of low- 
and reduced-fat cheeses (Drake et al., 1995). 

  The aging or ripening of cheese contributes to the 
final texture because of the chemical and structural 
changes that happen over time, which are primarily 
related to the hydrolysis of proteins. This degrades the 
casein network over time and results in a less firm and 
more deformable cheese (Tunick et al., 1990; Banks, 
2007). Proteolysis occurs in 2 stages, the initial stage 
being within the first 14 d of aging when around 20% 
of the casein in the network is hydrolyzed, and a sec-
ond period occurs during long-term aging, when a more 
gradual breakdown takes place (Lawrence et al., 1987). 
Lawrence et al. (1987) also implied that moisture pres-
ent in the cheese had an effect on texture, suggesting 
that as proteolysis progresses, and the peptide bonds 
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are broken, ionic groups are exposed and tie up the free 
water in the cheese, increasing cheese firmness.

Consumer perception of a cheese is composed of 
several factors, including visual aspects, flavor, and 
texture. A trained sensory texture panel is a valuable 
tool in understanding what aspects of texture differ-
entiate cheese (Foegeding and Drake, 2007). Descrip-
tive sensory panels and texture terminology (lexicon) 
specifically designed for cheese have been used in the 
past to probe the texture attributes of many varieties 
of cheese (Drake et al., 1999a; Brown et al., 2003; Car-
unchia Whetstine et al., 2007; Yates and Drake, 2007). 
The established texture lexicon comprises 3 parts: tac-
tile response, first bite, and breakdown during chewing 
(Brown et al., 2003; Foegeding and Drake, 2007). The 
use of a consistent descriptive lexicon of terms provides 
a “textural fingerprint” for a cheese that not only allows 
comparison with other cheeses analyzed with the same 
lexicon and standards, but also facilitates correlation 
with rheological properties.

Although sensory evaluation is the main method for 
determining perception of cheese texture, fundamental 
rheological tests are also needed to understand why 
these texture differences exist. These tests are crucial 
as they provide a connection to established mechanisms 
based on molecular and microstructural considerations 
(Foegeding et al., 2003). Linking mechanical properties 
and oral processing with sensory perception of texture 
would allow for a rational design of texture (Foegeding, 
2007). Many studies in the past have used mechanical 
texture profile analysis (TPA) in combination with 
sensory analysis (Lee et al., 1978; Casiraghi et al., 1989; 
Bryant et al., 1995). Although these studies have shown 
correlations between sensory and TPA terms, TPA was 
designed to be a mechanical imitator of sensory analy-
sis, and thereby provides no description of structural 
elements. In contrast, fundamental rheological tests 
measure properties that can be linked to structural ele-
ments in cheeses (Foegeding et al., 2003).

Fracture properties of cheese (fracture stress and 
strain) have been determined under compression (nor-
mal force; Jack et al., 1993; Hort et al., 1997; Hort 
and Grys, 2000). Tests that apply a normal (compres-
sive) force to cause fracture correlate well with sensory 
lexicon terms related to firmness (Drake et al., 1999b). 
Tests have also been conducted in torsion, in which the 
sample is twisted rather than compressed until fracture 
(Diehl and Hamann, 1979). The stress and strain at 
fracture, determined by normal or torsional deforma-
tion, have been shown to correlate with sensory springi-
ness and firmness (Drake et al., 1999b; Gwartney et 
al., 2002; Brown et al., 2003; Carunchia Whetstine et 
al., 2007). This is logical in that sensory and mechani-

cal tests are evaluating the initial breakdown of the 
cheese.

Alternatively, determining mechanical properties of a 
material without damaging it is often desirable to probe 
the basic nature of a material. Small-strain rheological 
tests can achieve this goal and are conducted within the 
linear viscoelastic region (LVR). This means that ma-
terial properties such as complex modulus (G*), stress 
applied divided by the strain measured or vice versa 
for each oscillation, are not dependent on level of stress 
or strain (Steffe, 1996). These small-strain properties 
have been shown to correlate well with certain sensory 
terms relating to the breakdown of the cheese during 
mastication as well as the firmness of both hand evalu-
ation and during the first bite of the sample, but these 
correlations often fail to be consistent from study to 
study (Drake et al., 1999c; Brown et al., 2003). Brown 
et al. (2003) suggests that this lack of consistent corre-
lations can be attributed to small-strain properties not 
reflecting mechanical properties the sensory panelists 
detect during mastication.

Measuring the deformation response to a prolonged 
applied force is useful in understanding viscoelastic be-
havior. Previous studies have used creep/recovery tests 
to understand this behavior and relate it to sensory 
panel data. Values for maximum compliance, retarda-
tion time (measure of the viscoelastic nature of a mate-
rial), and percentage recovery (recovery relative to the 
maximum deformation after the initial force is released) 
have all been shown to correlate strongly with sensory 
terms related to firmness and springiness (Steffe, 1996; 
Brown et al., 2003). However, sensory terms such as co-
hesiveness and smoothness, and other terms related the 
breakdown of the cheese during chewing, are weakly or 
not correlated with mechanical properties (Brown et al., 
2003). Because these terms involved tactile and adhesive 
properties during mastication, it was believed that addi-
tional rheological testing involving mechanical adhesion 
would correlate with these sensory terms better.

To our knowledge, previous studies have not taken 
a complete approach to evaluation of the effect of fat 
reduction in Cheddar cheeses: 1) cheeses were not man-
ufactured for maximum experimental control, 2) a full 
range of commercially relevant fat contents were not 
evaluated, or 3) both sensory and rheological changes 
in texture with ripening time and fat reduction were not 
compared. The purpose of this study was to determine 
textural differences in cheeses with differing contents of 
fat and how textural properties were affected by aging. 
This study was part of a multi-university investigation 
on low-fat cheese. Cheese manufacturing and chemi-
cal analysis was conducted at Utah State University. 
Cheeses were then shipped to North Carolina State 
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University at each time point for sensory and rheologi-
cal analyses. The specific goals of this research were to 
characterize the sensory and rheological differences 
among Cheddar cheeses at different fat contents as they 
aged, and to see if these differences could be related to 
structural aspects of the cheese network.

MATERIALS AND METHODS

Cheddar Cheese Production

Fresh cow’s milk from the Utah State University’s 
Caine Dairy Research and Teaching Center (Wellsville) 
and transported to the Gary Haight Richardson Dairy 
Products Laboratory (Logan, UT). Milk was standard-
ized to protein to fat ratios of 0.83, 1.9, and 5.0 for 
making full-fat (FF), 50% reduced-fat (RF), and low-
fat (LF) cheeses, respectively, and then pasteurized at 
73°C for 15 s. When making LF cheese the milk (682 
kg) was cooled to 10°C, poured into a Tetra Scherp-
ing horizontal cheese vat (Tetra Pak Cheese and Pow-
der Systems Inc., Winsted, MN), and then acidified 
to pH 6.25 with distilled white vinegar (Heinz North 
America, Pittsburgh, PA) and then warmed to the set 
temperature. Five different cheeses (in duplicate) were 
made in randomized order. This included 2 FF cheeses 
(FF1 and FF2) that differed only in inclusion of a 
curd washing while making FF2, 1 RF cheese, and 2 LF 
cheeses (LF1 and LF2) that differed only in the starter 
culture used. All of the cheeses except LF2 used a single 
strain Lactococcus lactis ssp. lactis starter culture (M70, 
Danisco USA Inc., New Century, KS), whereas LF2 was 
made using a blend of Lactococcus lactis ssp. lactis/

cremoris (DVS850) starter culture along with a Lac- Lc. 
lactis culture (CR319) and a Lactobacillus helveticus 
culture (LH 32) all from Chr. Hansen Inc. (Milwaukee, 
WI). Double-strength chymosin (Maxiren) and single-
strength annatto cheese color were from DSM Food 
Specialties USA Inc. (Eagleville, PA). The cheeses were 
made following procedures outlined in Table 1. Some 
of the cheese-making parameters were adjusted to al-
low the texture of the RF and LF cheeses to better 
match that of currently available commercial cheeses 
with similar levels of fat. These modifications led to 
the RF and LF cheeses having higher moisture content 
than the FF cheeses. Although the moisture level was 
varied, the ratio between protein and moisture was held 
constant in all of the cheeses. The cheeses were stored 
at 8°C for 9 mo with sample blocks shipped to North 
Carolina State University for texture testing at 0.5, 3, 
6, and 9 mo of age.

Rheological Analysis

Determination of the LVR. Stress sweeps of 
cheeses were done using a Stress Tech controlled stress 
rheometer (ATS Rheosystems, Bordentown, NJ) fitted 
with a 20-mm smooth parallel plate geometry. Tem-
perature was controlled using an integrated induction 
heating device set at 25°C. Cheese samples were sliced 
to a thickness of 4 mm and trimmed to the size of the 
plate. Samples were glued to both plates to prevent slip 
using cyanoacrylate glue (Loctite 401, Loctite Corp., 
Rocky Hill, CT). Once glued, the exposed edges of 
the sample had a thin layer of synthetic lubricant ap-
plied (SuperLube, Synco Chemical, Bohemia, NY) to 
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Table 1. Cheese manufacturing procedures used for making full-fat, 50% reduced-fat, and low-fat cheeses 

Item

Cheese1

FF1 FF2 RF LF1/LF2

Ripening time (min) 45 45 45 45
Set temperature (°C) 31 31 31 31
Annatto (mL/100 kg of milk) 13 13 13 13
Rennet (mL/100 kg of milk) 9 9 9 9
Set-to-cut time (min) 30 30 30 25
Curd size Small Small Large Large
Set-to-start of cook time (min) 50 50 60 50
Cooking temperature (time), °C (min) 37 (25) 37 (25) 37 (20) 36 (15)
Set-to-drain time (min) 150 150 150 100
Drain pH 6.0 6.0 6.0 6.0
Wash water temperature (°C) 2NA2 35 14 14
Curd wash temperature (°C) NA 36 26 26
Set-to-salt time (min) 190 190 185 185
Salting pH 5.45 5.45 5.75 5.80
Salt (g/kg of curd) 24 24 25 26
Pressing (kPa) 100 100 55 55

1Cheeses included 2 full-fat cheeses (FF1 and FF2) that differed only in inclusion of a curd washing while 
making FF2, 1 reduced-fat (RF) cheese, and 2 low-fat cheeses (LF1 and LF2) that differed only in the starter 
culture used. 
2NA = not analyzed.



prevent sample dehydration during testing. Tests were 
conducted at 10 Hz with a stress range from 1 to 1,000 
Pa on each cheese for each replication. The critical 
stress and strain were determined as the point when 
G* values decreased consistently; the stress and strain 
on the sample at that point were labeled the critical 
stress and critical strain.

Creep/Recovery Analysis. Creep/recovery tests 
were conducted using a Stress Tech controlled stress 
rheometer (ATS Rheosystems). Tests were conducted 
at 100 and 150 Pa and forces were applied to the sam-
ple for 200 s, removed, and the recovery of the sample 
was measured for an additional 200 s. Tests at each 
force were conducted in duplicate for each replication 
at 25°C. The values of maximum compliance (Jmax), 
instantaneous compliance (J0), retardation time (λret), 
and percentage recovery (crp) were determined from 
the creep/recovery data. Maximum compliance was the 
maximum deformation reached before the force was 
removed. Instantaneous compliance was the compli-
ance as time approached zero. Retardation time was 
calculated as the time for the strain to reach 63.2% of 
its final value. The percentage recovery was calculated 
using the equation

 crp
J J

J
r=

−( ) ( )
,max

max

 [1]

where Jmax is the maximum compliance and Jr is the 
compliance after the sample has been allowed to fully 
recover (Brown et al., 2003).

Large-Strain Torsion Analysis. Nonlinear and 
fracture analysis were conducted using the torsion 
method adapted from Brown et al. (2003). Cheese 
blocks were held at room temperature in sealed plastic 
bags for 8 h to allow them to come to room tempera-
ture (25°C ± 4°C). Cheese samples were taken from 
sample blocks using an 18-mm-diameter cork borer and 
cut to a length of 28 mm. These samples had notched, 
plastic disks (Gel Consultants, Raleigh, NC) glued to 
each end of the sample using cyanoacrylate glue (Loc-
tite 401, Loctite Corp.). Samples were then ground into 
a capstan shape using a precision grinding machine 
(model GCPM92 US, Gel Consultants). Samples were 
tested using a Haake VT-550 rotational viscometer 
(Gerbruder Haake GmbH, Karlsruhe, Germany) fitted 
with an attachment designed to facilitate torsion test-
ing (Truong and Daubert, 2000). Five samples were 
tested for each replication at 3 strain rates, 0.040, 0.40, 
and 4.0 s−1 (i.e., total of 15 samples per treatment per 
replication).

The torsion test measured torque and time during 
twisting until the materials fractured. The point at 
which the material fractured was determined as the 
point (torque and time) where the torque values be-
gan to decrease consistently. These values were used 
to calculate stress (σ) and true strain (γtrue) at fracture 
using the following equations (Nadai, 1937; Diehl and 
Hamann, 1979; Hamann, 1983):

 σ
π

=
2
3

KM

rmin
,  [2]

 γ
π

t
K

r Q
=
2
3

ϕ

min

,  and  [3]

 γ
γ

γ
γ

true = + + +
⎛

⎝

⎜⎜⎜⎜⎜

⎞

⎠

⎟⎟⎟⎟⎟⎟

⎡

⎣

⎢
⎢
⎢
⎢⎢

⎤

⎦

⎥
⎥
⎥
⎥⎥

ln ,

/

1
2

1
4

2 2
1 2

t
t

t  [4]

where K is a shape factor constant, 1.08; M is the torque 
value from the torsion test; rmin is the radius at the 
minimum of the capstan-shaped sample and was used 
to calculate stress (σ; Nadai, 1937; Diehl and Hamann, 
1979). True strain (γtrue, hereafter referred to as strain) 
was calculated using the uncorrected strain value (γt), 
which was calculated using angular deformation of the 
sample (ϕ ) and a curvature section constant (8.45 × 
10−6 m−3) Q (Nadai, 1937; Diehl and Hamann, 1979). 
Fracture modulus (Gf) was calculated using the shear 
stress and strain at the fracture point (Brown et al., 
2003):

 Gf =
σ

γtrue
.  [5]

The nonlinear region of the fracture curves was ana-
lyzed using a nonlinear curve fitting technique, which 
has been used in previous studies to model the nonlinear 
region, using a strain energy density function developed 
by Blatz, Sharda, and Tschoegl (BST; Blatz et al., 
1974; Barrangou et al., 2006a):

 σ λ λ= −( )−2G

n
BST n n  and  [6]

 λ
γ γ

=
+ +( )2

1 2
4

2

/

,  [7]
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where GBST refers to the initial slope of fracture curve, 
n is a curve shape constant referring to its deviation 
from the ideal, and λ  is a stretch ratio (Barrangou et 
al., 2006a). Stress and strain between time zero and 
fracture were used as the data to fit the model. The 
equation was fit to the data using the Taylor-Newton-
Gauss method for nonlinear regression and output val-
ues of GBST and n were compiled. The fitted GBST was 

compared with the initial slope (Ginitial) of the torsion 
curve; Ginitial was calculated by fitting a linear equation 
to the first 5 data points of each torsion curve and de-
termining the slope (Barrangou et al., 2006a).

Instrumental Adhesion Testing. Instrumental 
surface adhesion of the cheese was conducted using 
a Brookfield LFRA texture analyzer (Brookfield En-
gineering, Middleboro, MA) with an attached dental 
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Table 2. Descriptive texture lexicon for cheese developed by Brown et al. (2003) with some modification 

Term Definition Technique Reference

Hand terms
 Hand firmness The amount of force required  

 to completely compress the sample
Press completely through the sample  
 using the thumb and first 2 fingers

3 = Process cheese
7 = Muenster
10 = Sharp Cheddar
14 = Parmesan

 Hand springiness The total amount of recovery of the sample Press the sample between the thumb  
 and first 2 fingers until it is depressed 30%

1 = Parmesan
4 = Process cheese
7 = Sharp cheese
13 = Muenster

 Hand rate of recovery The rate at which the sample recovers  
 (i.e., the speed at which the sample  
 returns to its original shape)

Press the sample between the thumb  
 and first 2 fingers until it is depressed 30%

1 = Feta
4 = Process cheese
7 = Muenster

First-bite terms
 First-bite firmness The amount of force required  

 to completely bite through the sample
Completely bite through the sample  
 using the molars

3 = Process cheese
7 = Muenster
10 = Sharp Cheddar
14 = Parmesan

 First-bite fracturability The amount of fracturability in the  
 sample after biting

Completely bite through the sample  
 using the molars

1 = Process cheese
5 = Sharp Cheddar
14 = Feta

Breakdown terms
 Chewdown degree  
  of breakdown

The amount of breakdown that occurs in  
 the sample as a result of mastication (i.e., 
 the amount of meltability or dissolvability)

Chew the sample 5 times and evaluate  
 the chewed mass

1 = Parmesan
10 = Sharp Cheddar
14 = Process cheese

 Chewdown cohesiveness The degree to which the chewed mass  
 holds together

Chew the sample 5 times and evaluate  
 the chewed mass

1 = Parmesan
3 = Feta
9 = Muenster
14 = Process cheese

 Chewdown adhesiveness The degree to which the chewed mass  
 sticks to mouth surfaces

Chew the sample 5 times and evaluate  
 the chewed mass

1 = Parmesan
7 = Muenster
12 = Feta

 Chewdown  
  smoothness of mass

The degree to which the chewed mass  
 surface is smooth (i.e., evaluation  
 for gritty or grainy particles)

Chew the sample 5 times and evaluate  
 the chewed mass

1 = Parmesan
3 = Feta
8 = Muenster
14 = Process cheese

 Residual smoothness  
  of mouth coating

The degree of smoothness felt in the  
 mouth after expectorating the sample

Chew the sample 5 times, expectorate,  
 and evaluate the residual in the mouth

1 = Parmesan
5 = Feta
10 = Muenster
14 = Process cheese

Table 3. Main effects (age and fat) and interaction (combined age and fat) for fracture stress, strain, and modulus for Cheddar cheese1 

Item

Strain rate

0.04 s−1 0.4 s−1 4 s−1

Stress Strain Modulus Stress Strain Modulus Stress Strain Modulus

Age * — — * — * * — *
Fat * * * — — — — * —
Interaction — — — * — — — — —

1Asterisk (*) denotes presence of an effect at P < 0.05; dash (—) denotes nonsignificant effect (P > 0.05).



composite probe with a circular contact surface 12.5 mm 
in diameter utilizing a modified method of Steiner et al. 
(2003). Sample blocks were held at room temperature 
in sealed plastic bags for 8 h to allow them to come to 
room temperature (25°C ± 4°C). Cheese samples were 
cut into cubes of 17 mm × 17 mm × 17 mm to provide 
a fresh surface for adhesion. Tests were conducted at a 
probe speed of 0.1 mm/s and samples were loaded with 
a force of 200 g. The force was held on the sample for 
5 s and then removed at the same rate. Five samples 
from each replication were tested and area under the 
adhesion curve was determined. This was calculated by 
taking the absolute value of all forces less than zero and 
integrating them using Simpson’s rule.

Sensory Analysis

Descriptive sensory analysis was conducted using the 
methods of Brown et al. (2003) and Yates and Drake 
(2007). Analysis was conducted using an experienced 
texture panel (7 females, ages 46–64 yr). Each panelist 
had approximately 200 h of experience in descriptive 
texture analysis of cheeses utilizing the Spectrum meth-
od on a 0- to 15-point scale with a product-specific, 
established cheese texture language (Brown et al., 2003; 
Yates and Drake, 2007). This lexicon is made up of tex-
ture terms: hand firmness, hand springiness, hand rate 
of recovery, first-bite firmness, first-bite fracturability, 
chewdown degree of breakdown, chewdown cohesive-
ness, chewdown adhesiveness, chewdown smoothness of 
mass, and residual smoothness of mouth coating (Table 
2; Brown et al., 2003). Panelists were provided with 8 
cubes (1.27 cm3) of each cheese, at room temperature 
(25°C ± 4°C), to be used throughout testing at the 
discretion of the panelist in lidded, 118-mL plastic cups 
labeled with 3-digit codes. Panelists were given deion-
ized water to cleanse their palates between each sample 
and reference cheeses were made available for each 
session. Samples were evaluated in triplicate by each 
panelist for each replication. Products were evaluated 
using paper ballots or Compusense Five, version 4.6 
(Compusense Inc., Guelph, Ontario, Canada).

Statistical Analysis

All statistical analysis was conducted using SAS sta-
tistical software (version 9.1, SAS Institute Inc., Cary, 
NC). Sensory and rheological data were evaluated using 
a mixed model (PROC MIXED) to explore effects due 
to aging, fat content, and the combined effects from 
these variables. Fat content was used as the fixed effect 
in the model. Relationships among sensory terms and 
rheological values were determined using correlation 
analysis (PROC CORR).
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Figure 1. Changes in firmness and first-bite sensory terms of a) 
mouth (first-bite) firmness, b) hand firmness, and c) first-bite fractur-
ability. Error bars represent the standard error of the mean. Cheeses 
included 2 full-fat cheeses (FF1 and FF2) that differed only in inclu-
sion of a curd washing while making FF2, 1 reduced-fat (RF) cheese, 
and 2 low-fat cheeses (LF1 and LF2) that differed only in the starter 
culture used.



RESULTS AND DISCUSSION

Statistical Analysis of Effects Caused  
by Aging and Fat Content

All of the sensory terms were differentiated by age (P 
< 0.05) and all except residual smoothness of mouth 
coating were differentiated by fat content (P < 0.05). 
There were age and fat content interactions (P < 0.05) 
for all terms except mouth and hand firmness and first-

bite fracturability, meaning that the effects of age and 
fat content were interrelated for all but these terms. 
Results for linear and nonlinear tests of mechanical 
properties showed an effect (P < 0.05) related to fat 
content for critical stress and strain, an aging effect 
(P < 0.05) with Jmax and n, no effects with GBST, and 
both age and fat content effects (P < 0.05) associated 
with adhesive force. None of these tests showed interac-
tions (P > 0.05). Torsional fracture main effects are 
summarized in Table 3 for fracture stress, strain, and 
modulus. Different strain rates are presented to cover a 
range of viscous relaxations during testing. It appeared 
that the slowest strain rate (0.04 s−1) was the most 
discriminating.

Descriptive Sensory Terms

Sensory texture terms were grouped into 3 categories 
based on level of deformation/mastication applied dur-
ing testing. These groupings are supported by correla-
tions among sensory and mechanical terms demonstrat-
ed by Brown et al. (2003). Sensory terms for firmness, 
both first-bite (Figure 1a) and hand evaluation (Figure 
1b), as well as first-bite fracturability (Figure 1c), were 
grouped together because they were all evaluated dur-
ing the initial deformation to fracture. These terms all 
showed similar changes as the cheese aged, with a high 
initial decrease between 0.5 and 3 mo, followed by a 
more gradual decrease. This decrease in firmness was 
expected as the proteolysis that occurs during the ag-
ing of cheese has been shown to decrease firmness (Tu-
nick et al., 1990). The higher initial change in firmness 
terms between 0.5 and 3 mo has been attributed to the 
higher rate of proteolysis during the first 14 d of aging 
(Lawrence et al., 1987). These differences were not seen 
consistently in all of the cheeses for this study, with 
the FF cheeses showing this behavior, the LF cheeses 
showing a steady decrease across all time points, and 
the RF cheeses showing behavior that was a combina-
tion of the 2 trends.

The sensory terms hand springiness (Figure 2a) 
and hand rate of recovery (Figure 2b) were grouped 
together as they both probe the cheese at nonfracture 
deformations (30% of initial height) and thereby relate 
to the elastic or plastic nature of a material (Steffe, 
1996). These terms showed clear distinctions between 
FF, RF, and LF cheeses, with the 2 FF cheeses grouped 
closely together and the 2 LF cheeses also grouped the 
same. All cheeses decreased in hand springiness and 
hand rate of recovery over time, but the decrease was 
lower for the LF compared with FF cheeses. The FF 
cheeses, on the other hand, lost much of their initial 
springiness consistently as they aged. The RF cheese 
showed behavior in between the FF and LF cheeses. 
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Figure 2. Changes in hand measured sensory terms of a) hand 
springiness and b) hand rate of recovery. Error bars represent the stan-
dard error of the mean. Cheeses included 2 full-fat cheeses (FF1 and 
FF2) that differed only in inclusion of a curd washing while making 
FF2, 1 reduced-fat (RF) cheese, and 2 low-fat cheeses (LF1 and LF2) 
that differed only in the starter culture used.



This suggests that the fat content has a significant ef-
fect on the structure of the protein-fat network. Reduc-
ing fat in the cheese resulted in an increase in total 
protein and moisture (Table 4); however, the moisture 
to protein ratio remained consistent among cheeses at 
1.5 or 1.6:1. Therefore, the protein gel network com-
position surrounding the fat particles was consistent 
among treatments. This allows the cheeses to be de-
scribed using the filled gel model, where the filler (fat) 
in the cheese is being removed and replaced by more gel 
network (Visser, 1991). Lower fat cheeses would have a 
more homogeneous and connected network than full-fat 
cheeses, with fewer structural inhomogeneities caused 
by the fat. This more connected structure could be why 
the lower fat cheeses had higher initial springiness and 
recovery.

The breakdown terms (Table 2) were grouped togeth-
er because they showed similar trends and are intercor-
related (Drake et al., 1999a; Brown et al., 2003). To 
reduce redundancy, the word “chewdown” was removed 
from the terms in figures and subsequent discussion. 
All breakdown terms had similar separations based 
on fat content as the other sensory terms, with the 2 
FF cheeses grouped together, the 2 LF cheeses being 
grouped, and the RF in between (Figure 3). All cheeses 
showed the same high initial change between 0.5 and 3 
mo followed by a more gradual increase, similar to what 
was observed for the firmness terms. Cheeses started at 
approximately the same level for each of these terms, 
with the 2 FF cheeses starting slightly higher than the 
RF and LF cheeses. Within the first 3 mo, differences in 
breakdown between the fat levels became apparent, and 
these differences persisted throughout the rest of the 
aging. The sensory terms are interrelated as the degree 
of breakdown of a material determines the particle size 
distribution, and particle size is related to cohesiveness, 
adhesiveness, and the residual smoothness of mouth 
coating because of differences in surface area of the 
particles. Higher adhesiveness results in greater mouth 
coating, which translates to greater residual smooth-
ness of mouth coating (Brown et al., 2003).

Overall, texture properties of LF Cheddar cheeses did 
not change as much over a 9-mo period compared with 
FF cheeses. The textures of LF cheeses were firm and 
springy initially and did not lose springiness over time 
compared with the FF cheeses. In addition, FF cheeses 
broke down more as they aged, becoming more cohe-
sive and adhesive than the LF cheeses. These results 
provide valuable insight into how the cheeses vary, but 
to understand why these differences exist, structural 
analysis through rheological measurements was also 
conducted.

Viscoelastic Properties

Stress Sweeps. Critical strain (Figure 4a) and stress 
(Figure 4b) values from LVR determination provide the 
point where a material deviates from its linear stress 
and strain relationship; these points show where net-
work properties of the material change on a nano or 
micro scale. This test probed the cheese structure on a 
small time scale (one cycle is completed in 0.1 s) and 
thus determined the instantaneous response. Critical 
stress and strain separated cheeses into 2 groups: FF 
versus RF and LF combined. The FF cheeses had lower 
critical stress and strain values that did not change 
with aging. This means that the FF cheeses structure 
broke down at a lower force and deformation compared 
with their LF and RF counterparts. In other words, a 
small force or deformation caused a weakening of the 
structure. The LF and RF cheeses had higher critical 
stresses and strains that changed with aging, but there 
was no constant trend with aging. Although the precise 
changes in cheese structure cannot be clearly seen from 
rheological information alone, it is clear that the ele-
ments being probed are different between the groups 
of cheeses.

Creep/Recovery. Values for Jmax are shown in 
Figure 5. In this test, the stresses and strains are main-
tained within the LVR, but the longer testing time (200 
s) allows for a greater contribution from viscous effects. 
The LF cheeses had higher Jmax over time, which means 
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Table 4. Proximate analysis data for Cheddar cheeses of varying fat contents 

Cheese1
Fat  

percentage (%)
Moisture 

content (%)
Moisture to 
protein ratio

Protein 
content (%) pH

FF1 31.8 37.7 1.5:1 24.6 5.2
FF2 32.0 37.5 1.5:1 24.7 5.2
RF 15.9 48.0 1.6:1 29.6 5.2
LF1 5.0 53.8 1.5:1 34.2 5.2
LF2 Not analyzed

1Cheeses included 2 full-fat cheeses (FF1 and FF2) that differed only in inclusion of a curd washing while 
making FF2, 1 reduced-fat (RF) cheese, and 2 low-fat cheeses (LF1 and LF2) that differed only in the starter 
culture used. 



that these cheeses deformed more at a constant stress 
than FF cheeses. Brown et al. (2003) found a strong 
negative correlation between Jmax values and sensory 
firmness of cheeses with a higher Jmax indicating a less 
firm texture (more on this in the discussion on correla-
tions among sensory and mechanical terms). Within 
the linear region, the network structure of RF cheese 
behaved in a similar fashion to FF cheeses. Percentage 
recovery (an indication of elastic recovery) and retar-
dation time (a measure of viscous relaxation) values 

did not show any clear differences in either age or fat 
content. This suggests that the overall viscoelasticity 
did not differ among cheeses.

Fracture and Nonlinear Properties

Nonlinear Curve Fitting. The section of the stress-
strain curve between the linear viscoelastic region and 
fracture was designated as the “nonlinear” region; the 
differences in the shape of this region can be determined 

Journal of Dairy Science Vol. 92 No. 10, 2009

ROGERS ET AL.4764

Figure 3. Changes in breakdown terms of a) degree of breakdown, b) cohesiveness, c) adhesiveness, d) smoothness of mass, and e) residual 
smoothness of mouth coating. Error bars represent the standard error of the mean. Cheeses included 2 full-fat cheeses (FF1 and FF2) that dif-
fered only in inclusion of a curd washing while making FF2, 1 reduced-fat (RF) cheese, and 2 low-fat cheeses (LF1 and LF2) that differed only 
in the starter culture used.



using mathematical modeling. All cheeses showed a 
strain-weakening behavior in this region, in which an 
incremental increase in strain is associated with a de-
creased incremental stress (Figure 6a). Table 5 lists the 
Ginitial values determined from the stress strain curves 
as well as parameters from the BST model derived 
from a nonlinear curve-fitting algorithm. The nonlinear 
data showed no consistent aging effect in any of the 
cheeses, and Ginitial showed no discernable changes or 
trends across either time or fat content. This indicates 
that the stress-strain relationship at low levels of defor-

mation (strain) was similar among all of the cheeses. 
The predicted values for GBST were generally greater 
than the measured modulus (Ginitial; Table 5). This was 
caused by the BST model overestimating the modulus 
at low strains (note deviation observed in Figure 6b). 
The predicted GBST values for LF cheeses showed no 
real differences with relation to both fat content and 
aging time. In contrast to the modulus, the shape of 
the nonlinear stress strain relationship, governed by 
the shape factor n in the BST model, was a better 
indicator of differences among cheeses in this region. 
The mathematical representation of the overall curve is 
represented by the shape factor n in the BST model. A 
value of n = 2 is indicative of an ideal elastic material, 
thus deviation from this gives an idea to the relative 
viscoelasticity, breakdown, or both (Barrangou et al., 
2006a). The LF and RF cheeses had higher n values, 
suggesting a more rubbery or elastic texture than their 
FF counterparts.

Torsional Fracture. Fracture stress, strain, and 
modulus (determined at 0.40 s−1) are presented in Fig-
ure 7. Although all cheeses showed a decrease in frac-
ture stress (Figure 7a) over time, the LF cheeses had 
the largest change as they aged, whereas the FF cheeses 
exhibited a very small decrease. This may indicate that 
the lack of fat in the structure of the LF cheeses resulted 
in higher effect of proteolysis; this is consistent with the 
aging effect seen in LF creep/recovery terms. Fracture 
strain (Figure 7b) showed a small downward trend due 
to aging. Fracture strain did show differences due to fat 
content, with the FF cheeses grouped together and at 
lower fracture strains than the LF cheeses; this behav-
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Figure 4. Critical a) strain and b) stress values for stress sweeps 
conducted at 10 Hz. Error bars represent the standard error of the 
mean. Cheeses included 2 full-fat cheeses (FF1 and FF2) that differed 
only in inclusion of a curd washing while making FF2, 1 reduced-fat 
(RF) cheese, and 2 low-fat cheeses (LF1 and LF2) that differed only 
in the starter culture used.

Figure 5. Maximum compliance (Jmax) from creep/recovery tests 
conducted at 150 Pa. Error bars represent the standard error of the 
mean. Cheeses included 2 full-fat cheeses (FF1 and FF2) that differed 
only in inclusion of a curd washing while making FF2, 1 reduced-fat 
(RF) cheese, and 2 low-fat cheeses (LF1 and LF2) that differed only 
in the starter culture used.



ior was also seen with the critical strain measurements. 
These trends mean that the FF cheeses were stronger 
(higher fracture stress) than the LF cheeses, the op-
posite of what was observed with sensory firmness. 
This is possibly because sensory firmness reflected the 
entire force-deformation relationship up to and includ-
ing the fracture point. For example, the panelists may 
be responding to the nonlinear region before fracture 
(Figure 6a). Alternatively, panelists could be respond-
ing to a combined stress and strain sensation. Fracture 
modulus (Figure 7c), the fracture stress divided by the 
fracture strain, represents the combination of the stress 
and strain terms and thus provides one term that can 
relate the data from both. These data fit the sensory 
firmness trends better than fracture stress alone.

Other sensory texture studies have been conducted 
looking at more ideal food materials, such as gelatin 
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Figure 6. Stress-strain curves for a) Cheddar cheeses of varying fat 
contents at 6 mo of age; curves show every fifth data point improve 
clarity. Cheeses included 2 full-fat cheeses (FF1 and FF2) that differed 
only in inclusion of a curd washing while making FF2, 1 reduced-fat 
(RF) cheese, and 2 low-fat cheeses (LF1 and LF2) that differed only 
in the starter culture used. b) Actual data and Blatz, Sharda, and 
Tschoegl (BST) equation fit for full-fat standard Cheddar cheese at 
6 mo of age.

Figure 7. Torsional fracture a) stress, b) strain, and c) modulus 
for Cheddar cheese determined at a strain rate of 0.41 1/s. Error bars 
represent the standard error of the mean. Cheeses included 2 full-
fat cheeses (FF1 and FF2) that differed only in inclusion of a curd 
washing while making FF2, 1 reduced-fat (RF) cheese, and 2 low-fat 
cheeses (LF1 and LF2) that differed only in the starter culture used.



and agarose, and the relationships among mechanical 
properties and sensory texture. In the case of agarose 
and agar gels, it was found that fracture properties 
were more related to the assessed sensory terms than 
the small-strain properties (Barrangou et al., 2006b,c). 
These materials are similar to cheeses in that they 
are soft solids but differ in stress-strain relationships, 
with agarose and agar gels showing strain hardening 
rather than strain weakening. In addition, weak spots 
or cracks are present in all materials and in gels made 
from agarose and agar; these cracks are few and small 
but still contribute to the failure of a material (van 
Vliet and Walstra, 1995). In the case of cheese, how-
ever, these cracks and imperfections are much larger 
and more numerous, affecting the way the material 
fractures. Therefore, the relationship between structure 
and sensory data seen in polymer gels is not always 
consistent with the relationship seen in cheese. Because 
of this, it is important to understand not only why the 
simpler, ideal systems work, but also the behavior of 
more complex structures such as cheese.

Because cheese is a viscoelastic material, fracture 
properties will show a time dependency because of the 
extent of viscous relaxations occurring during the test-
ing. Strain rates were varied over 2 orders of magnitude 
(0.04 to 4.0 s−1) to determine the time dependency. 
Because no aging-related trend was observed (data not 
shown), data for 6 mo aging are presented. All cheeses 
increased in fracture stress as strain rate increased (Fig-
ure 8a). This is typical behavior for a viscoelastic solid 
(vanVliet and Walstra, 1995) and has been observed 
for Mozzarella and Monterey Jack cheese by Brown et 

al. (2003), as well as Cheddar tested under different 
compression rates by Xiong et al. (2002). This rate ef-
fect was attributed, by vanVliet and Walstra (1995), to 
how bonds in a material “unzip.” At low strain rates, 
the materials are allowed to unzip at a rate closer to 
the deformation rate, meaning less energy is needed to 
fracture a material, resulting in a lower fracture stress. 
Fracture strain is expected to increase or decrease with 
strain rate, depending on whether the energy dissipa-
tion is caused by frictional or viscous mechanisms, 
respectively (vanVliet and Walstra, 1995). Cheddar 
cheese does not follow a consistent trend so it either 
does not fit this model or shows a combined frictional/
viscous mechanism.

Surface Adhesion. Building on work done by 
Brown et al. (2003), adhesion testing was conducted in 
an attempt to find a rheological test that better related 
to sensory breakdown terms. Results for total adhesive 
force are presented in Figure 9. This property showed 
the same large initial change between 0.5 and 3 mo seen 
in many of the sensory results combined with a similar 
starting adhesive force for all the cheeses. After the 3 
mo, the LF cheeses had more surface adhesion than 
the FF cheese, with the RF cheese falling in between 
the two. This trend follows the rheological tenets laid 
out by Dahlquist (1989), which involves materials with 
a storage modulus (G′) less than 105 Pa being consid-
ered pressure sensitive. Compliance (J) is the inverse 
of G′, therefore 1/Jmax = G′. In this study, G′ (1/Jmax) 
ranged from 2,500 to 20,000 Pa, consistent with previ-
ous studies showing young cheeses to have G′ values 
ranging between 103 and 104 (Brown et al., 2003). The 
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Table 5. Nonlinear region values derived from the Blatz, Sharda, and Tschoegl (BST) equation (GBST, n), and calculation of the initial slope 
(Ginitial) in Cheddar cheeses of varying fat contents 

Cheese1 Age (mo) Ginitial (Pa) SD GBST (Pa) SD n SD R2

FF1 0.5 55.4 24.7 115 77.8 0.70 0.13 0.99
3 49.0 13.8 158 49.9 0.60 0.04 1.00
6 40.6 15.8 166 55.0 0.57 0.05 1.00
9 36.3 15.0 136 49.0 0.62 0.07 0.99

FF2 0.5 61.2 39.8 183 107 0.66 0.08 0.99
3 74.4 26.9 208 95.5 0.57 0.07 1.00
6 56.5 17.8 162 36.9 0.59 0.04 1.00
9 57.6 47.7 182 135 0.63 0.10 0.99

LF2 0.5 103 17.1 64.2 26.5 0.76 0.09 1.00
3 72.9 19.8 92.2 62.2 0.73 0.13 1.00
6 71.5 12.8 66.2 29.1 0.68 0.07 1.00
9 78.5 11.4 56.6 35.8 0.65 0.10 1.00

LF1 0.5 53.9 9.12 69.6 29.4 0.75 0.06 1.00
3 61.2 15.4 109 43.4 0.65 0.05 1.00
6 39.7 7.10 42.5 14.3 0.71 0.03 1.00
9 29.0 51.6 65.3 41.3 0.69 0.05 1.00

RF 0.5 53.8 19.0 77.8 40.8 0.75 0.09 0.99
3 59.8 10.8 78.5 19.6 0.68 0.03 1.00
6 29.6 12.5 77.9 43.4 0.67 0.05 1.00
9 55.5 19.0 59.0 32.1 0.71 0.03 1.00

1Cheeses included 2 full-fat cheeses (FF1 and FF2) that differed only in inclusion of a curd washing while making FF2, 1 reduced-fat (RF) cheese, 
and 2 low-fat cheeses (LF1 and LF2) that differed only in the starter culture used. 



viscoelastic nature of cheese makes the storage modulus 
variable according to the time scale of the test and 
temperature, and this will affect adhesion (Childs et 
al., 2007). Although the time scales between adhesive 
force and Jmax measurements are different, the relative 
differences among cheeses scale according to the Dahl-
quist criteria (Dahlquist, 1989). Low-fat cheeses, which 
had higher Jmax (lower G′) with the creep/recovery 
test, also had the highest adhesion area in this test. 
However, trends in sensory adhesion (Figure 3c) were 
opposite to those of mechanical adhesion. The reason 
for this difference was not apparent; however, pressure-
sensitive adhesion also involves surface energies of the 
2 interacting materials (Hammond, 1989). Although 
surface energies were not assessed in this study, it is 
plausible that compositional factors dominate surface 
energies (Childs et al., 2007), explaining the differences 
in pressure-sensitive adhesion. In addition, the role of 
saliva in sensory adhesiveness is unknown.

Correlation Among Sensory Texture Terms  
and Mechanical Properties

As a framework to better understand the relationships 
among sensory and rheological tests, strain levels of the 
3 rheologically defined regions are shown in Figure 10. 
The LVR is terminated at the point where critical stress 
and strain was determined. Within this region, forces 
and deformations are low so as to measure mechanical 
properties without altering the material. As the level 
of strain increases to the critical point and nonlinear 
region (Figure 10), progressively more damage is done 
to the structure or nonlinear changes detected. Correla-
tion among sensory terms and Jmax, critical stress and 
strain, adhesion, GBST, and n are presented at 0.5, 3, 6, 
and 9 mo to show the progression of these properties 
with age (Table 6). Maximum compliance was positively 
correlated with sensory hand and mouth firmness. This 
is most likely related to the effect of the fat, which acts 
to firm up the structure, rather than a true correlation 
with mouth evaluation of firmness, because sensory 
firmness and Jmax should have an inverse relationship, 
as was observed by Brown et al. (2003). Likewise, be-
cause Jmax is measured at nondestructive forces and de-
formations, the high correlations with breakdown terms 
most likely reflect compositional differences rather than 
an association with specific textural properties. As the 
cheese aged, critical stress and strain values became 
increasingly correlated to breakdown sensory terms. 
Negative correlations were observed between both 
critical stress and critical strain and the breakdown 
terms degree of breakdown, cohesiveness, adhesiveness, 
smoothness of mass, and residual smoothness of mouth 
coating at 6 and 9 mo of aging; as seen in Figure 4, 

this is mainly due to a clear differentiation between 
FF and the other cheeses. Critical strain also corre-
lated with hand springiness and hand rate of recovery 
terms. The positive correlations with firmness terms 
and negative correlations with breakdown terms for 
critical stress and strain are logical based on changes 
in cheese structure and suggest that changes in extent 
of the linear viscoelastic region are related to sensory 
texture. The initial modulus determined from the BST 
model (GBST) had a consistent negative correlation with 
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Figure 8. Effect of strain rate on torsional fracture a) stress and b) 
strain of Cheddar cheese at 9 mo. Cheeses included 2 full-fat cheeses 
(FF1 and FF2) that differed only in inclusion of a curd washing while 
making FF2, 1 reduced-fat (RF) cheese, and 2 low-fat cheeses (LF1 
and LF2) that differed only in the starter culture used.



some firmness terms (hand springiness, hand rate of 
recovery, and mouth firmness), but because the cor-
relation was negative, it is most likely related to fat 
content and not sensory detection of this mechanical 
property. The shape factor (n) showed strong negative 
correlations to the sensory breakdown terms, that was 
most apparent at 6 and 9 mo. As this value decreased, 
it indicated more strain weakening in the cheese that 
could result in a greater degree of breakdown in the 
mouth resulting in higher smoothness of mass, residual 
smoothness of mouth coating, cohesiveness, and ad-
hesiveness. This correlation and plausible explanation 
suggests that the shape of the stress-strain curve, as 
seen in Figure 6a, reflects changes in cheese structure 

that are linked to key sensory texture terms. Similarly, 
the degree of energy loss, which is related to the strain 
weakening behavior seen in the cheese, occurring dur-
ing deformation of mixed whey protein-polysaccharide 
gels is highly correlated with sensory texture (van den 
Berg et al., 2008).

Adhesion was highly negatively correlated with the 
sensory breakdown terms at 6 and 9 mo of age. At first 
thought, this may seem odd because adhesiveness and 
instrumental adhesion (area under adhesion curve) are 
both measuring adhesion between surfaces, and a posi-
tive correlation would be expected. One possibility why 
this relationship was negative is that interactions in the 
mouth, which involve saliva and changing temperature, 
are different from the direct instrumental measure of 
adhesion. This theory was proposed by Steiner et al. 
(2003) concerning sensory perception of adhesion and 
instrumental tack of caramel. Another possible expla-
nation for this inverse relationship is the difference in 
the unchewed adhesion (adhesion between the probe 
and unchewed cube) and sensory breakdown adhesion 
(adhesion between particles coated with saliva and 
mouth surfaces). There was also a positive correlation 
between adhesion area and the sensory firmness terms, 
which contradicts the Dahlquist criterion discussed ear-
lier. This could mean that adhesion is surface energy–
dependent, which has been shown in other cheeses such 
as Mozzarella (Childs et al., 2007).

Correlation Between Sensory  
and Fracture Properties

Correlations among fracture at the 3 strain rates and 
sensory terms were determined at 0.5, 3, 6, and 9 mo 
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Figure 9. Total adhesive force for Cheddar cheese. Error bars repre-
sent the standard error of the mean. Cheeses included 2 full-fat cheeses 
(FF1 and FF2) that differed only in inclusion of a curd washing while 
making FF2, 1 reduced-fat (RF) cheese, and 2 low-fat cheeses (LF1 
and LF2) that differed only in the starter culture used.

Figure 10. Strain representation on a logarithmic scale of the rheological testing compared with sensory texture test methods.



(Table 7). Across all strain rates and aging times, cor-
relations were consistently seen with hand and mouth 
firmness terms, springiness, and hand rate of recovery, 
and most of the breakdown terms. Fracture modulus was 
the mechanical property most correlated with sensory 
properties. Fracture modulus was negatively correlated 
with hand and first-bite terms and positively correlated 
with the breakdown terms. Correlations involving frac-
ture properties revealed some unexpected results. Frac-
ture stress values showed negative relationships with the 
hand and first-bite terms. This means that a decrease 
in fracture stress translates into a firmer cheese as per-
ceived by sensory analysis, which is not logical. Likewise, 
fracture modulus (fracture stress divided by fracture 
strain) also shows this negative relationship. Inspection 
of the stress-strain curves (Figure 6a) shows that the 
FF cheeses had higher fracture stress, lower fracture 
strain, and generally a greater strain weakening (lower 
n, Table 4) than LF or RF cheeses. It is possible that 
the strain-weakening behavior is dominating the sen-
sory detection of firmness and not just the final point of 
fracture. This possibility needs to be evaluated further. 
The negative correlations among fracture modulus and 
hand springiness and hand rate of recovery have been 
noted by Brown et al. (2003) and Carunchia Whetstine 

et al. (2007). Breakdown terms were positively cor-
related with fracture stress and negatively correlated 
with fracture strain; this means that as cheeses became 
more brittle, the degree of breakdown increased. The 
lowest strain rate showed the highest number of cor-
relations between the fracture and sensory terms. Logic 
suggests that properties measured at the highest strain 
rate, which are closer to the strain rates seen in the 
mouth during chewing, would correlate better with the 
sensory terms. However, as seen in this investigation 
and that of Xiong et al. (2002), lower strain rates cor-
relate better with sensory hardness of cheese.

CONCLUSIONS

Overall, FF cheeses behaved similarly to each other, 
regardless of make procedure as did the 2 LF cheeses, 
which were distinguished only by starter culture. The 
RF cheeses fell in between the FF and LF behaviors. 
Many of the changes seen in all the cheeses occurred in 
the first 3 mo of aging. Rheological properties deter-
mined at strains causing initial yielding (critical stress 
and strain), along with the shape of the stress-strain 
curve (n), showed the highest correlations that had a 
plausible link between cheese structure and sensory tex-
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Table 6. Correlation analysis for maximum compliance (Jmax), area under adhesion curve, critical stress and strain, initial slope of the fracture 
curve (GBST), and shape factor constant (n) of the nonlinear region with sensory texture terms by month of aging1 

Item
Age, 
mo

Sensory texture terms2

HFirm HSpring HRecov MFirm Frac Deg break Cohes Adhes
Smooth 
of mass

Smooth 
of mouth

Jmax (1/Pa) 0.5 0.97* 0.90 0.88 0.90 — −0.94 −0.92 −0.91 — —
3 0.93 — 0.89 0.93 — −0.90 −0.91 −0.92 −0.91 −0.94
6 0.95 0.89 0.89 0.97* 0.96* −0.96 −0.95 −0.95 −0.94 −0.92
9 — 0.88 0.90 0.92 — −0.99* −0.99* −0.97* −0.99* −0.99*

Area under adhesion  
 curve (gs)

0.5 0.91 — — — — −0.88 — — — —
3 0.90 — — 0.88 — — — — — −0.90
6 0.96* — — 0.96* 0.95 −0.95 −0.94 −0.96 −0.93 −0.89
9 0.92 0.94 0.95 0.98* — −0.98* −0.99* −0.99* −0.99* −0.99*

Critical stress (Pa) 0.5 — — — 0.88 — — — — — —
3 — — — — — — — — — —
6 0.89 0.93 0.94 0.90 0.90 −0.91 −0.92 −0.91 −0.93 −0.93
9 0.91 0.95 0.95 0.96* 0.94 −0.98* −0.98* −0.96* −0.96* −0.96*

Critical strain 0.5 — 0.91 0.94 0.94 — — −0.89 −0.90 −0.88 −0.90
3 0.91 0.95 0.93 0.90 0.88 −0.92 −0.91 −0.91 −0.91 −0.89
6 0.93 0.97* 0.98* 0.95 0.95 −0.96 −0.97* −0.95 −0.98* −0.98*
9 0.92 0.91 0.92 0.96 — −0.89 −0.93 −0.96* −0.93 −0.92

GBST 0.5 — −0.88 — — — 0.90 0.90 0.91 0.93 —
3 — −0.94 −0.94 −0.91 −0.95 0.93 0.91 0.91 0.92 0.89
6 — −0.96* −0.96 −0.87 −0.92 0.90 0.91 — 0.92 0.95
9 — −0.93 −0.94 −0.90 — — — — — —

n 0.5 — 0.95 0.94 0.92 — −0.95 −0.96 −0.96* −0.98* −0.96
3 — — — — — — — — — —
6 — 0.97* 0.97* 0.91 0.94 −0.92 −0.93 −0.88 −0.94 −0.97*
9 — — — — 0.94 −0.97* −0.94 −0.90 −0.93 −0.94

1Values in table indicate P < 0.05; * indicates P < 0.01; — indicates P > 0.05.
2HFirm = hand firmness; HSpring = hand springiness; HRecov = hand rate of recovery; MFirm = first-bite firmness; Frac = first-bite fractur-
ability; Deg break = degree of breakdown; Cohes = cohesiveness; Adhes = adhesiveness; Smooth of mass = smoothness of mass; and Smooth of 
mouth = residual smoothness of mouth coating.



ture terms, especially terms associated with breakdown 
during chewing. These breakdown terms, which showed 
the most sensory separation between cheeses, appear to 
be one of the major sensory contributors to the texture 
differences in the cheeses. These terms, although cor-
related with aspects of the nonlinear region and critical 
stress and strain, do not show the same high levels 
of correlation with rheological tests that firmness and 
springiness terms show. The combined results suggest 
that when Cheddar cheese structure can be represented 
as varying amounts of fat in a compositionally similar 
protein network (i.e., constant moisture:protein ratio), 
an increase in fat content causes a stiffening of the net-
work (lower Jmax), and at the same time provides weak 
spots in the form of fat-protein interfaces. The weak 
spots cause more strain weakening during deformation 

(i.e., lower n) and lower fracture strain, and produce 
smaller particles during fracture. This results in less 
firmness and a higher degree of breakdown during 
chewing.
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Table 7. Correlation analysis for fracture properties with sensory texture terms by month of aging1 

Item
Age 
(mo)

Sensory texture terms2

HFirm HSpring HRecov MFirm Frac Deg break Cohes Adhes
Smooth 
of mass

Smooth of 
mouth

Fracture stress 
(0.04 s−1)

0.5 — — — — — — — — — —
3 — — — — — — — — — —
6 −0.96* −0.98* −0.99* −0.98* −0.98* 0.98* 0.99* 0.97* 0.99* 0.99*
9 — −0.89 −0.90 −0.89 −0.89 0.95 0.93 0.90 0.92 0.91

Fracture strain 
(0.04 s−1)

0.5 0.94 — — — — −0.90 — — — —
3 0.89 0.92 0.92 0.91 0.96* −0.92 — — — —
6 — — — — — — — — — —
9 — — — — — — — — — —

Fracture modulus 
(0.04 s−1)

0.5 −0.96* −0.93 −0.91 −0.92 — 0.97* 0.95 0.94 0.92 —
3 −0.95 −0.99* −0.98* −0.96* −0.98* 0.98* 0.97* 0.96* 0.97* 0.95
6 — −0.91 −0.92 — — — 0.88 — 0.91 0.91
9 −0.91 −0.97* −0.98* −0.95 — 0.88 0.89 0.89 — —

Fracture stress 
(0.4 s−1)

0.5 — — — — −0.89 — — — — —
3 — — — — — — — — — —
6 −0.97* — — −0.93 −0.92 0.94 0.92 0.96 0.90 —
9 — — — — — 0.96* 0.94 0.90 0.94 0.94

Fracture strain 
(0.4 s−1)

0.5 — 0.94 0.96 0.94 — −0.89 −0.92 −0.93 −0.93 −0.94
3 — — — — — — — — — —
6 — — — — — — — — — —
9 — — — — — — — — — —

Fracture modulus 
(0.4 s−1)

0.5 — — — — — 0.90 0.88 0.89 0.90 —
3 — — — — — — — — — —
6 −0.90 −0.93 −0.93 −0.96 −0.95 0.94 0.95 0.92 0.96 0.95
9 — — — — — — — — — —

Fracture stress 
(4.0 s−1)

0.5 — — — — — — — — — —
3 — — — — — — — — — —
6 — — — — — — — — — —
9 — — — — — — — — — —

Fracture strain 
(4.0 s−1)

0.5 0.89 0.94 0.96* 0.96 — −0.90 −0.92 −0.93 −0.92 −0.93
3 0.99* 0.99* 0.99* 0.99* 0.96 −0.99* −0.99* −0.99* −0.99* −0.99*
6 — — — — — — — — — —
9 0.88 0.94 0.95 0.92 — — — — — —

Fracture modulus 
(4.0 s−1)

0.5 — — — — — — — — — —
3 −0.96 −0.97* −0.98* −0.98* −0.97* 0.98* 0.98* 0.98* 0.99* 0.97*
6 — — — — — — — — — —
9 — — — — — — — — — —

1Values in table indicate P < 0.05; * indicates P < 0.01; — indicates P > 0.05.
2HFirm = hand firmness; HSpring = hand springiness; HRecov = hand rate of recovery; MFirm = first-bite firmness; Frac = first-bite fractur-
ability; Deg break = degree of breakdown; Cohes = cohesiveness; Adhes = adhesiveness; Smooth of mass = smoothness of mass; and Smooth of 
mouth = residual smoothness of mouth coating.
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