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starch gelatinization, Maillard reaction, and volume expan-
sion, take place in the dough matrix and affect its final 
mechanical properties [1]. Lucas [2] discussed that the 
changes in bakery products start with the rise of temperature 
and vaporization of gases. Increased temperature results in 
starch gelatinization and protein coagulation, which affect 
cell growth, while gas vaporization leads to an increase in 
the gas cell volume.

Generally speaking, quality attributes include various 
measurable characteristics, including structural, optical, 
textural, thermal, sensory, nutritional, and rehydration prop-
erties [3]. One of these attributes, food texture, which is 
related to the structural and mechanical properties of food 
materials, plays a crucial role in affecting consumer per-
ception of quality and taste [4, 5]. In addition, studies have 
shown that the texture of food and, thus, consumer appeal of 
products are intricately connected to the microstructure of 
products within the range of 0.1–100 μm [6]. Microstructure 
can be described as the arrangement and interaction of ele-
ments across the material phases. For baked foods, these ele-
ments include starch granules, proteins, water, gas bubbles, 

Introduction

Mechanical properties of food materials play a crucial role 
in the quality of food products and, ultimately, customer 
satisfaction. However, these characteristics are not constant 
and can be affected by food processing parameters such as 
time and temperature. Baked products made from dough 
are an important example of food products whose charac-
teristics considerably evolve throughout processing. Dur-
ing baking, several chemical, physical, and biochemical 
alterations, such as water evaporation, protein denaturation, 
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Abstract
The microstructural changes in food materials during the baking process directly influence their micromechanical proper-
ties and, thus, the strength of the solid walls. Baking time, as one of the vital variables, impacts the microstructural and 
micromechanical characteristics, alters the texture, and affects customer satisfaction. This research aims to investigate the 
alteration in three critical micromechanical properties: hardness, stiffness, and Young’s modulus, as a function of moisture 
content during baking of cookies in an oven set at 185 ± 1 °C in the range of 10 to 60-min. The nanoindentation method, 
which involves pushing a nanoindenter into and removing it from cookie samples to measure the force-displacement data, 
was employed to measure the micromechanical properties. The results indicated that all the micromechanical properties 
initially increased when the moisture content decreased from 12.26 to 8.53 g/100 g solids and showed fluctuating trends at 
the later moisture content values. Throughout the baking process, the moisture content ranges from 2.71 to 12.26 g/100 g 
solids. Simultaneously, hardness varies from 0.28 to 0.88 GPa, stiffness ranges between 9.77 and 20.16 µN/nm, and 
Young’s modulus experiences minimum and maximum values of 4.34 and 14.55 GPa, respectively. Finally, the Analysis 
of Variance and Duncan’s multiple range tests revealed a significant difference between the mean values of some data 
points of hardness, stiffness, and Young’s modulus as a function of moisture content.
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and fat crystals, which contribute to the final product texture 
profile [7]. Since microstructure transformation takes place 
below 100  μm, nanoindentation seems to be a promising 
technique to determine the micromechanical properties of 
food materials. Its small probe size also enables the nanoin-
dentation method to investigate small samples with a thin 
depth and heterogeneous structure, which are challenging 
to explore through traditional mechanical testing techniques 
[8]. Besides, for composite samples consisting of two or 
more materials with different physical properties, nanoin-
dentation allows measuring the properties of individual 
materials [9].

Nanoindentation involves applying a continuous force to 
a designated spot on the test sample to deform it by nano-to-
microscale depth [10]. Using an indenter tip of a known area 
and analyzing the loading-unloading curve (also known as 
the force-displacement curve), one can obtain the hardness, 
stiffness, Young’s modulus, and other mechanical proper-
ties of materials [11]. Hardness refers to the evaluation of 
a material’s resistance to plastic deformation in a specific 
region of the sample [12]. Stiffness is defined as the abil-
ity of a material to resist deformation under tensile or com-
pressive loading [13]. A material’s Young’s modulus, on the 
other hand, is directly related to its stiffness and describes 
a material’s resistance to elastic deformation [14]. With 
micromechanical properties in hand, it becomes possible 
to acquire valuable information about the strength of solid 
walls and determine a product’s cracking proneness. The 
importance of this information lies in the fact that thinner 
solid walls have a higher possibility of crumbling into pow-
der during processing or inside the food package, shipping 
or storage [15, 16]. As an important indication of wall thick-
ness, higher Young’s modulus values imply lower changes 
in shape and higher resistance to deformation under a load, 
therefore, higher strength of the cell walls [17].

The area under a nanoindentation curve provides valu-
able information about plastic and elastic work (Fig.  1a). 
The total work done during loading can be divided into irre-
coverable and recoverable energies. The area enclosed by 
points O, B, and C (D1) represents the irrecoverable energy 
(plastic work or plastic deformation energy). Conversely, 
D2, which corresponds to the area enclosed by points C, 
B, and A, represents the recoverable energy (elastic work) 
recovered during unloading [18–22]. Hysteresis observed in 
nanoindentation differs from that in other nanomechanical 
tests. For instance, in the Atomic Force Microscopy (AFM) 
process (see Fig. 1b), attractive forces push the cantilever 
(moves from right to left) until the maximum load is reached 
[23, 24]. The cantilever is then retracted from the sample 
(moves from left to right), overcoming adhesion forces until 
it returns to equilibrium. During this retraction process, 
the deformation that recovers is termed elastic deforma-
tion, while the deformation that does not recover is termed 
plastic deformation [25]. The area between the baseline and 
the retraction curve represents the energy dissipation or 
work of adhesion of the material [26, 27]. Nanoindentation 
and AFM are both nanomechanical tests in which a probe 
applies a specified force to a sample surface to measure its 
properties. However, the nanoindenter tips, with a radius 
of several hundred nanometres, are larger than AFM tips, 
which have a radius of about ten nanometres. This differ-
ence poses challenges in determining the shape and dimen-
sions of AFM tips, thereby influencing the obtained results 
[28]. Moreover, AFM probes are highly sensitive and often 
consumable during their interaction with the surface, requir-
ing accurate characterization of their geometry for each 
experiment [29]. These issues complicate the quantification 
of measurements compared to nanoindentation methods. 
Additionally, nanoindentation is preferred when upscaling 
to macroscale properties because the modulus measured by 

Fig. 1  Representation of work done in (a) the nanoindentation and (b) AFM processes (Adapted from [18, 23])
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this method is more influenced by the interaction of aggre-
gates rather than individual particles being probed [30].

The nanoindentation-based method has been widely 
applied in material science, with a recent interest in food sci-
ence to determine micromechanical properties. An example 
is the study of Zdunek and Kurenda, [31] in which they suc-
cessfully characterized the micromechanical proprieties of 
tomato fruit cells in pericarp by employing the AFM-based 
nanoindentation method. By evaluating Young’s modulus, 
they were able to address postharvest cell degradation. Sim-
ilarly, Khodabakhshian et al. [32] obtained elastic modulus 
and stiffness in banana mesocarp cells, demonstrating the 
capacity to determine the nanomechanical properties of 
isolated cells with AFM-based nanoindentation. Another 
study was performed in pear cells to investigate the posthar-
vest influence on micromechanical proprieties, specifically 
during refrigeration to shelf-life conditions at 20  °C [33]. 
AFM-based nanoindentation technique was also employed 
by Cárdenas-Pérez et al. [34] to ascertain the nanomechani-
cal proprieties of apple cells and tissues. This investigation 
centered on characterizing tissue surface properties and 
revealed that apple cells within the tissue exhibited a higher 
Young’s modulus compared to their isolated counterparts. 
Moreover, the nanoindentation technique proved to be 
helpful in analyzing characteristic changes during ripening 
and finding out the relation between firmness and Young’s 
modulus [35]. Edible films’ micromechanical properties 
have also been studied using nanoindentation. Escamilla-
García et al. [36] employed nanoindentation to characterize 
the proprieties of zein and chitosan edible films. The objec-
tive was to discern elasticity and hardness variations in 
five formulations of zein and chitosan. In another research, 
modified starch-chitosan edible films have been charac-
terized with nanoindentation to determine the mechanical 
properties of different formulations of modified starch and 
chitosan within thin films [37]. Nanoindentation has been 
used in the elaboration of elastic modulus mapping of sev-
eral sections of hen’s eggshells, for which local variations 
in shell elastic modulus were determined [38]. Additionally, 
this technique has been successfully applied to characterize 
the micromechanical properties of plant-based foods as a 
function of drying variables. For instance, Dhalsamant et 
al. [39] applied nanoindentation tests to determine the influ-
ence of pre-heat treatment over solar-dried potato cylinders, 

resulting in higher reduced and Young’s modulus compared 
to the non-pre-heated samples. In another research effort, 
Khan et al. [40] established the relationship between the 
micromechanical properties (Young’s modulus, hardness, 
and stiffness) and moisture content of cylindrical slices of 
carrots during drying in a multi-tray cabinet dryer, finding 
a significant increase in the magnitude of these properties 
with the reduction in moisture content toward end of drying.

To our knowledge, there is an absence of the application 
of the nanoindentation method in wheat-based baked prod-
ucts. Therefore, the primary aim of this study is to investi-
gate the solid wall micromechanical properties of cookies, a 
widely consumed cereal-based food, using the nanoindenta-
tion method. It focuses on measuring various micromechan-
ical properties, including stiffness, hardness, and Young’s 
modulus at different moisture content values. One-way 
ANOVA and Duncan’s multiple range test are employed 
to analyze differences between means in the collected data. 
The results of this study will offer valuable insights to the 
cookie industry, enabling them to improve product quality 
and texture.

Materials and methods

Sample preparation

Cookies were prepared using the ingredients listed in Table 1. 
Meijer brand all-purpose flour composed of bleached wheat 
flour, niacin, reduced iron, thiamine mononitrate, ribofla-
vin, folic acid, and enzymes were utilized. According to the 
nutrition label, based on a 30  g serving size, the product 
comprises 0 g of fat, 0 mg of cholesterol, 0 mg of sodium, 
23 g of carbohydrates (including less than 1 g of fiber and 
0 g of sugar), and 3 g of protein. Each ingredient was accu-
rately measured using an FX-3000i precision balance (A&D 
Co. Ltd., Tokyo, Japan) with a tolerance of ± 0.05 g. After-
ward, the sugar, coconut oil, and egg whites were placed in 
a bowl to be mixed with an electric flat beater until a milky 
solution was obtained. Next, the dry ingredients were mixed 
in a separate container and incorporated slowly with a spoon 
into the milky solution, mixing between each addition to 
ensure homogeneity.

In the subsequent step, the dough was rolled out on a flat 
surface until it reached a thickness of 12  mm. A circular 
stainless steel cookie cutter of 6 cm diameter was used to 
cut disk shapes. To ensure the correct thickness of 12 mm, 
every dough circle was measured using a vernier scale. The 
samples were placed in individual aluminum cans with 
parchment papers on the bottom, ensuring uniform heat dis-
tribution. Aluminum cans with no lids were then placed in a 
preheated Isotemp 6901 oven (Thermo Fisher Scientific Inc., 

Table 1  Ingredients for dough preparation
Ingredients Quantity (g) Quantity (%)
All-purpose flour 180 37.11
Granulated sugar 134 27.63
Coconut oil 113 23.3
Pasteurized egg white 50 10.31
Salt 4 0.82
Baking powder 4 0.82
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Nanoindentation experiments

Nanoindentation is a method that involves applying a load 
to a sample to deform it at a micron scale. A remarkable 
feature of this test is the indirect measurement of the contact 
area by the indenter penetrating at small scales. In a typical 
nanoindentation test, an indenter with a defined geometry is 
first driven into the surface of the testing material (Fig. 2a), 
where the elastic deformation begins [10, 41]. The load 
increases steadily at a constant rate until the pre-determined 
maximum load is attained (Fig.  2b). hmax represents the 
maximum displacement, and hc (also called contact depth) 
denotes the vertical distance between the location of the tip 
of the indenter and the separation point between the indenter 
and the surface of the sample. Once the peak is reached, the 
unloading cycle begins. Here, the material recovers partially 
from the elastic deformation but leaves an irreversible plas-
tic deformation on the surface called indentation (hf), shown 
in Fig. 2c [42–45].

By pushing the indenter into and removing it from the 
sample and monitoring the applied load and indenter tip 
displacement, one can obtain loading and unloading curves 
known as cycles [46]. Figure 3 represents a schematic repre-
sentation of load-displacement curves for different materials 

Waltham, MA, USA) with a temperature set at 185 ± 1 °C 
monitored with a thermocouple. A total of eleven differ-
ent baking times were tested to obtain their corresponding 
moisture content values ranging from 10 to 60 min, with a 
5-minute interval between each test. The samples taken out 
of the oven at a given baking time were hermetically sealed 
in aluminum cans to prevent moisture loss.

To prepare the baked cookie samples for the nanoinden-
tation tests, they were sliced into cubic shapes with a cross 
area of 1.5  cm × 1  cm using a scalpel. A cookie’s height 
undergoes fluctuations during baking because of expansion 
and contraction phenomena. As a result, the height of the 
samples is not constant throughout the process. The cubes 
were subsequently sanded to achieve a smooth and even 
surface, which is required to prevent the tip from crashing 
during the nanoindentation process. Initially, a coarse sand-
paper with a grit size of 220 was employed to scrape off the 
larger uneven shapes on the cookie surface. This helped to 
prepare the surface for extra sanding with higher grit num-
ber sandpapers. A sequence of five micro-abrasive paper 
grids, including 7000, 8000, 10,000, 12,000, and 15,000, 
was then used to ensure a smooth surface.

Fig. 3  Schematic representations of load-displacement curves for different materials: (a) elastic solid, (b) ideally plastic material, (c) elastic-plastic 
material (Adapted from [10, 18])

 

Fig. 2  Schematic representation of a typical nanoindentation process: (a) indenter approaching the untouched surface, (b) gradual increase in load 
until reaching the maximum load and depth, and (c) irreversible surface deformation formed after unloading (Adapted from [41, 42])
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Urbana-Champaign. To avoid movement during the inden-
tation, the samples were mounted on magnetic AFM discs, 
and then superglue was utilized to form strong bonds 
between the sample and the disc surface. Given the com-
plexity of the cookie matrix and its uneven surface structure, 
the nanoindentation experiment was replicated 12 times at 
each baking time. Four samples were extracted from each 
cookie, and the indentation experiment was conducted in 3 
different spots on each of those samples to obtain a total of 
12 readings per baking time.

The equations used to calculate hardness and the contact 
area are the following [42–44, 53, 54]:

H =
Pmax

A
� (1)

A = 24.56h2
c � (2)

In Eq. 1, H  is hardness, Pmax  is the maximum load in the 
indentation test, and A  is the Berkovich tip contact area 
which can be obtained using Eq. 2, where hc  represents the 
contact depth.

To determine the elastic modulus or Young’s modulus of 
the samples, it is required to calculate the reduced modu-
lus(Er ) first. This can be calculated by employing:

Er =
√

π

2β
S√
A

� (3)

Here, β  is the geometric correction for the Berkovich tip 
(β = 1.034), S  is stiffness, π  is the mathematical constant, 
and A is the contact area. The sample’s Young’s modulus 
can then be calculated using:

E =
(
1 − v2)

(
1
Er

−
1 − v2

I

EI

)−1

� (4)

where E  is Young’s modulus, Er  is the reduced elastic 
modulus, vI

 is the diamond tip’s Poisson’s ratio having the 
numerical magnitude of 0.07, EI  is the Young’s modulus 
of the diamond indenter tip with a value of 1140 GPa, and 
𝑣 is the sample’s Poisson’s ratio. According to Finney [55], 
the Poisson’s ratio for food materials is typically between 
0.3 and 0.5. However, in this case, a value of 0.22 was used 
to estimate Young’s modulus of the cookie samples, which 
corresponds to Poisson’s ratio of wheat [56].

Moisture content determination

The sample’s moisture content was determined by the 
AACC [57] method number 44-15.02 with some modifi-
cations. Prior to weighing the samples, the aluminum cans 

under the nanoindentation process. The unloading curve 
matches the loading curve for perfectly elastic materials 
(Fig.  3a). For ideally plastic materials (Fig.  3b), unload-
ing curves are presented as straight lines perpendicular to 
the displacement axis. Figure 3c exhibits the behavior of a 
material with both elastic and plastic deformation. After the 
load removal, this material experiences some elastic recov-
ery [10, 18, 47].

The loading-unloading curves for a material with both 
plastic and elastic deformation are shown in Fig. 4 in more 
detail. The loading curve, represents the continuous dis-
placement of the tip through the sample until the set maxi-
mum load (Pmax) is reached. In this study, a maximum load 
of 1 µN was set to obtain a displacement resolution of 
approximately 200 to 450 nm. The unloading curve repre-
sented in Fig. 4can be obtained when the force is removed 
from the sample, allowing the sample to recover partially. 
Stiffness (S) is then calculated by the slope of the force-
displacement curve upon unloading [10, 48].

As with other effective parameters, the material used in 
a nanoindenter and the nanoindenter shape influence the 
nanoindentation result. The indenters are usually made of 
sapphire or diamond. In addition, the most common shapes 
in indenters are spherical, Vickers, Berkovich, cube cor-
ner, and Knoop. Among these, the Berkovich three-sided 
pyramid diamond tip is considered versatile because of its 
sharp form and constant area-to-depth ratio, which make 
it suitable for hard and soft materials [49]. In this study, 
the nanoindentation experiments were conducted using a 
Berkovich indenter tip with a face angle (the angle between 
the center line and the three faces) of θ = 65.27° [50–52].

The nanoindentation experiments were carried out with 
the nanoindenter Hysitron TI 950 TriboIndenter (Hysi-
tron, Inc. Minneapolis, MN, USA) available in the Mate-
rial Research Laboratory at the University of Illinois at 

Fig. 4  Representation of loading and unloading curve during the 
nanoindentation process (Adapted from [10, 48])
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(185 ± 1 °C). The temperature increases rapidly at the ini-
tial stage of baking, followed by stabilization, and increases 
again at the end of the baking process, at which point most 
of the water is expected to evaporate. This trend is in agree-
ment with the findings presented by Ameur et al. [58]. and 
Chevallier et al. [59]. Furthermore, the changes in moisture 
content during the baking process are presented in Fig. 6. 
It is evident that there is a noticeable decrease in moisture 
content in the first half of the baking process, from 10 to 
30-min, reducing the initial moisture content from 12.26 to 
3.89 g/100 g solids. At later baking times of 30 to 55-min, 
the moisture content remains relatively constant, rang-
ing from 3.86 to 3.37  g/100  g solids. Finally, there is a 
slight decrease at 60-min with a final moisture content of 
2.71 g/100 g solids.

The change in micromechanical properties and moisture 
content during baking are depicted in Figs. 7, 8 and 9. As 
can be observed in Fig. 7 the hardness initially experiences 
a rapid and significant increase when moisture content 
decreases from 12.26 to 8.53 g/100 g solids and reaches its 
maximum value of 0.88 ± 0.22 GPa. This trend is expected 
to have been influenced by moisture loss since moisture 
content reduction leads to hardness value elevation.

Considering another influencing factor, it can be sug-
gested that movement and content of oil are closely associ-
ated with the observed increase in hardness. The fat melts 
by increasing temperature and moving toward the bottom of 
the cookie or cookie sides. Decreasing the fat value of food 
materials, especially on their surface, has been believed to 
help increase the hardness [60, 61].

Following the first rise in hardness, there is a small 
decrease from 8.53  g/100  g solids moisture content to 
6.41  g/100  g solids moisture content and a noticeable 

were dried in a Fisher Scientific PR305225G gravity con-
vection oven at 105 ± 1 °C for 8 h and then cooled in a des-
iccator for an hour. Following cooling, the weight of each 
can and its corresponding lid was recorded using an analyti-
cal balance, and then 10 ± 0.005 g of the ground sample was 
weighed in triplicate. The samples were dried for 24 h at 
105 ± 1 °C and the moisture content values were expressed 
on a dry basis.

Statistical analysis

The collected data for hardness, stiffness, and Young’s 
Modulus were subjected to analysis of variance (ANOVA) 
using SAS version 9.4 (SAS Institute Inc. Cary, NC, USA) 
to determine the significance of the differences at a signifi-
cance level set at P < 0.05. In addition, Duncan’s multiple 
range test (DMRT) was used to measure the specific dif-
ferences between means and determine which mean values 
were statistically different or equal to the other mean values.

Software tools

Figures  1, 2, 3 and 4 were created using Canva, online 
graphics creation tool. Remaining figures were created 
using Microsoft Excel.

Results and discussion

Temperature evolution near the cookie center as a func-
tion of baking time is illustrated in Fig.  5. As expected, 
by increasing the baking time, the temperature inside the 
cookie rises and gradually approaches the oven temperature 

Fig. 5  Temperature variation near 
the center of cookies versus time
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extended periods, which causes dough expansion dur-
ing baking. It is expected that by increasing temperature, 
the baking powder starts to break down into carbon diox-
ide gas, and water vapors are formed which expand the 
starch matrix’s volume [62, 63]. These two changes raise 
the cookie dough and increase the porosity. One can expect 
that by increasing porosity, the solid matrix weakens and 
consequently leads to a decrease in hardness value. Similar 
observations on changes in hardness values have been made 
for the baking of cakes and dried foods [64, 65].

Reduction in hardness continues as moisture content 
decreases up to 3.74  g/100  g solids. However, between 
3.74 and 3.62  g/100  g solids, the hardness increases and 
reaches a peak value of 0.77 ± 0.13 GPa. The hardness is 
then reduced along with moisture content in the range from 
3.62 to 2.71  g/100  g solids. Measuring hardness at lower 
moisture levels is crucial to guarantee consistent texture and 
quality since lower moisture content increases the risk of 
breakage. Knowledge of the variations in the mechanical 

decrease between 6.41 and 3.89 g/100 g solids. The observed 
decline in hardness, in the range of 8.53 to 3.89 g/100 g sol-
ids moisture content, may be potentially attributed to an 
increase in porosity. This increase in porosity is expected 
to result from water evaporation at high temperatures over 

Fig. 9  Stiffness variations as a function of moisture content on dry 
basis (g/100 g solids)

 

Fig. 8  Young’s modulus variations as a function of moisture content on 
dry basis (g/100 g solids)

 

Fig. 7  Hardness variations as a function of moisture content on dry 
basis (g/100 g solids)

 

Fig. 6  Moisture content varia-
tions on dry basis g/100 g solids 
as a function of baking time in 
minutes
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values between 3.59 and 3.37 g/100 g solids and remains 
relatively constant thereafter. It is well understood that 
higher Young’s modulus values indicate lower changes in 
shape and higher resistance to deformation under a given 
load, which would cause a higher stiffness of the solid walls 
[17].

Figure 9 demonstrates the impact of moisture content on 
stiffness. The stiffness and Young’s modulus follow a sim-
ilar trend. In this study, a cookie with a moisture content 
of 3.59 g/100 g solids is the stiffest, with a stiffness value 
of 20.16 µN/nm, while the one with a moisture content of 
3.74  g/100  g solids, which has a value of 18.91 µN/nm, 
ranks second. Following the similar reasons as provided 
above for the hardness value trends, the changes in moisture 
content, oil content, and development of the porous struc-
ture due to CO2 and water vapor generation may account 
for the trends in the stiffness and Young’s modulus curves 
[2, 59, 70, 71]. For instance, it was demonstrated that the 
consistent loss of moisture content in a specific range lowers 
pore water pressure, consequently enhancing the stiffness 
and Young’s modulus [13]. However, the intricate nature of 
baked products, which arises from the different functions of 
each ingredient and various chemical and physical altera-
tions that occur during baking, suggests the possibility of 
other chemical parameters affecting the micromechanical 
properties of cookies, which were not investigated in this 
study.

The loading and unloading curves for cookies baked 
for 10 and 60-min are compared in Fig.  10. Under the 
same applied load, the maximum penetration depth for the 
10-minute sample is greater (475 nm) than for the 60-min-
ute sample (309  nm). According to Mohan [72], a lower 
indentation depth indicates higher hardness. Therefore, the 
10-min sample has lower hardness compared to the 60-min 
sample. These results are consistent with the hardness val-
ues obtained in this study. The area between the loading and 
unloading curves for the 10-min sample is also greater com-
pared to the 60-min sample, representing higher work done 
on plastic deformation. This is the irrecoverable energy that 
is not recovered when the indenter is removed.

One-way ANOVA was conducted to determine signifi-
cant differences among the means of 11 data groups within 
the moisture content range of 12.26 to 2.71 g/100 g solids. 
Considering stiffness as an example, one-way ANOVA 
compares the mean stiffness values of each moisture con-
tent and checks whether the mean values had a significant 
difference. As one of the comparing criteria, if the p-value 
is less than the defined significance level (which is selected 
as 0.05 in this study), the differences between the means 
are statistically significant, suggesting an influential effect 
of moisture content on a given property value. Otherwise, 
one can argue that there is no difference among group means 

properties of foods at different moisture levels allows man-
ufacturers to improve processes and meet regulations and 
customer preferences. While the change in the hardness 
value is insignificant during the specific range of moisture 
content from 3.62 to 2.71 g/100 g solids, there should still 
be some parameters affecting changes in the hardness value 
in the mentioned range, such as chemical reaction and pore 
structure deformation, which could be further investigated 
in future studies.

It is common sense that the higher the hardness of the 
cookie, the greater the wall strength. Therefore, cookies 
with a moisture content of 8.53 and 6.41 g/100 g solids, with 
hardness values of 0.88 and 0.86 GPa, respectively, have the 
maximum strength. In future studies, taste acceptability and 
mouthfeel should be taken into account when selecting the 
optimum moisture content for a given type of cookie. Too 
high moisture content is not only perceived as unacceptable 
from the consumer’s perspective but also affects the storage 
time of cookies [66, 67]. A cookie to be stored safely and 
to have a crispy texture should have a low moisture con-
tent, typically between 1 and 5% on the wet basis, which is 
equivalent to 1.01–5.26% on the dry basis [68, 69].

The effect of moisture content on Young’s modulus is 
illustrated in Fig. 8. The data shows that Young’s modulus 
initially increases and reaches its first peak of 14.55 GPa at 
a moisture content of 8.53 g/100 g solids. Then, a declin-
ing trend can be observed in the moisture content range of 
8.53 to 3.86 g/100 g solids. It reaches the second peak at 
a moisture content of 3.74 g/100 g solids, with a value of 
13.13 GPa.

After a decrease in moisture content from 3.74 to 
3.62 g/100 g solids, a notable peak in Young’s modulus is 
observed at 3.59 g/100 g solids. This peak is accompanied 
by a Young’s modulus value of 14.22 GPa. Young’s modu-
lus experiences a further decrease in the moisture content 

Fig. 10  Loading and unloading curves for cookies baked in 10 and 
60 min
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the 3.89, 3.86, 3.74, and 3.62 g/100 g solids moisture con-
tent. Meanwhile, the latter treatments are equal to the 9.71, 
3.37, and 2.71  g/100  g solids samples within group b. In 
addition, treatment 1 with the label c suggests a different 
Young’s modulus value compared to those with labels a, b, 
and ab.

Conclusions

Nanoindentation was employed in this study to measure the 
micromechanical properties changes of cookie samples dur-
ing the baking process. It was concluded that while mois-
ture influences the micromechanical properties of cookies, 
it is not the exclusive determinant of hardness, stiffness, and 
Young’s modulus values. The considerable dependence of 
properties on moisture content was only observed for cookie 
samples with moisture content greater than 8.5 g/100 g sol-
ids. For lower moisture content, there are fluctuations in 
the trends of micro-level mechanical properties that are 
expected to be due to other potential factors like pore struc-
ture changes and fat displacement. The highest values for 
hardness and Young’s modulus were achieved at a moisture 
content of 8.53 g/100 g solids, while the highest value of 
stiffness takes place at a moisture content of 3.59 g/100 g 
solids. The indicated moisture content values are expected 
to provide cookies that are more prone to resist mechanical 
damage during handling and transport due to higher hard-
ness, Young’s modulus and stiffness values. However, one 

and consequently no relationship between variables, i.e., 
moisture content is not an influencing parameter for a given 
micromechanical property. ANOVA shows that the calcu-
lated p-values for all the micromechanical properties are 
less than 0.0001 (Table  2.). By comparing these p-values 
to the significance level of 0.05, it can be concluded that 
the mean values of stiffness, hardness, and Young’s modu-
lus varied significantly with moisture content and, thus, are 
influenced by this parameter.

Even though the ANOVA test can establish whether mean 
values are equal, it does not provide enough information 
about which means are different. To address this, Duncan’s 
multiple range test (DMRT) was performed post-hoc on the 
ANOVA test, considering both the degrees of freedom and 
the number of treatments (Table 3.). To group equal means 
from other statistically different means, a set of alphabets (a, 
b, c and d) is assigned to each treatment. If two treatments 
possess different letters, one can conclude that their means 
are significantly different from each other; conversely, if the 
letters match, their means are not statistically different.

For stiffness, even though the highest value appears at 
3.59 g/100 g solids moisture content, it does not deviate sig-
nificantly from the stiffness values at 3.74 and 8.53 g/100 g 
solids moisture content. The latter two treatments also 
equate to those in the b group (i.e., 6.41, 3.89, 3.86, 3.37, 
and 2.71 g/100 g solids moisture content) but different from 
the two lowest stiffness values with the group title of d and 
c. For hardness, although the 8.53 and 6.41 g/100 g solids 
samples display the top two highest values, both treatments 
are statistically equal to that of the 3.62 g/100 g solids. At 
the same time, treatment 8 is not significantly different from 
the samples within group b (including 9.71, 3.89, 3.86, 3.74, 
3.59, 3.37, and 2.71  g/100  g solids) but markedly differs 
from the lowest hardness value at 12.26 g/100 g solids mois-
ture content. Finally, for Young’s modulus, the three higher 
values, which correspond to the moisture content values of 
8.53, 6.41, and 3.59 g/100 g solids, align statistically with 

Table 2  The result of ANOVA for different micromechanical values, at 
a significance level of 0.05
Statistical parameter Stiffness Hardness Young’s 

modulus
P-value < 0.0001 < 0.0001 < 0.0001
F-value 21.29 12.65 21.23
Degrees of freedom 
between groups

10 10 10

Treatment Baking 
time (min)

Moisture con-
tent (g/100 g 
solids) ± SD

Stiffness (µN/
nm) ± SD

Hardness 
(GPa) ± SD

Young’s 
modulus 
(GPa) ± SD

TRT 1 10 12.26 ± 0.13 9.77 ± 1.70d 0.28 ± 0.07c 4.34 ± 0.66c

TRT 2 15 9.71 ± 0.42 16.06 ± 1.69c 0.71 ± 0.09b 11.47 ± 1.80b

TRT 3 20 8.53 ± 0.14 18.56 ± 1.56ab 0.88 ± 0.22a 14.55 ± 2.24a

TRT 4 25 6.41 ± 0.08 18.32 ± 1.86b 0.86 ± 0.24a 14.12 ± 2.38a

TRT 5 30 3.89 ± 0.01 18.13 ± 2.86b 0.71 ± 0.1b 12.85 ± 2.29ab

TRT 6 35 3.86 ± 0.03 18.06 ± 1.34b 0.69 ± 0.15b 12.63 ± 1.79ab

TRT 7 40 3.74 ± 0.07 18.91 ± 1.87ab 0.68 ± 0.14b 13.13 ± 2.18ab

TRT 8 45 3.62 ± 0.23 17.15 ± 2.22bc 0.77 ± 0.13ab 12.66 ± 2.36ab

TRT 9 50 3.59 ± 0.42 20.16 ± 2.71a 0.70 ± 0.17b 14.22 ± 2.94a

TRT 10 55 3.37 ± 0.09 17.97 ± 2.23b 0.64 ± 0.12b 12.01 ± 1.28b

TRT 11 60 2.71 ± 0.08 17.92 ± 1.82b 0.63 ± 0.14b 11.98 ± 2.14b

Table 3  Duncan’s multiple range 
test for stiffness, hardness and 
Young’s modulus of samples at 
different moisture content values 
at a 5% probability (mean of 
replicates ± standard deviation 
(SD)).

Significant differences between 
means are demonstrated by 
Duncan’s grouping letters (a to 
d) from the highest (a) to lowest 
(d) mean value
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also needs to account for taste acceptability and mouth-
feel for given moisture content in future studies. ANOVA 
indicates a significant difference for each of the microme-
chanical properties at different moisture content values, and 
Duncan’s multiple range test grouped samples from 12.26 
to 2.71 g/100 g solids in different categories having no sig-
nificant differences, except the samples of TRT 1, so that 
the optimum sample can be selected with more flexibility. 
In this study, the nanoindentation technique was found to 
be an effective tool for estimating how a cookie’s mechani-
cal properties change on a microscale throughout baking. 
The collected data would help the cookie industry in devel-
oping a high-quality product by desirably controlling the 
micromechanical properties by adjusting the baking process 
parameters.
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