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Abstract: The pressure distribution characteristics of an apple subjected to compressive loading were
investigated using the pressure-sensitive film (PSF) technique combined with apple bruise measure-
ments. Pressure was unevenly distributed in the elliptical contact region. The average pressure had
no effect on bruising because it changed slightly in the range of 0.26–0.31 MPa with increasing load.
Pressures of 0.20–0.40 MPa accounted for 72% of the total pressure area. Comparatively, the area
where pressure over 0.50 MPa was distributed could be ignored and showed little contribution to the
bruise area. The contact edge subjected to pressure below 0.10 MPa showed that no bruising occurred.
As a result, the relationship between the ≥0.10 MPa pressure area strongly correlated with the bruise
area according to a linear equation, with a correlation coefficient of ≥0.99. When this relationship
was applied to determine the bruise area with FE, satisfactory predicted results were obtained with
minor error rates of 0–7.89% for loads of 54–80 N. But larger prediction errors occurred when the load
was above 90 N, suggesting that the linear elastic FE model may not be appropriate for accurately
predicting apple bruising.

Keywords: apple; compression loading; contact pressure distribution; pressure-sensitive film; finite
element analysis; bruising prediction

1. Introduction

After harvest, apples may be subjected to different types of loading that may lead to
mechanical damage as they are packaged, sorted, stored, and transported, with the two
main types being static and dynamic. Among them, the wastage figure resulting from
static loading could be 30% or higher every year. The data indicate that static loading has
commonly caused apple damage. Hence, the focus of this work is on apple bruising due to
static loading.

Studies on apple bruising have been carried out previously, using a variety of methods.
Most empirical studies were based on bruise volume, bruise depth, bruise area, etc. [1–6].
The critical issue is that observing or measuring the volume and depth of the bruise is not
easy. On the contrary, in practice, there is greater interest in the commercially significant
damaged areas with visible bruising, which are assessed negatively by commercial opera-
tors and consumers [7,8]. Therefore, the surface area of damage may be more important
than the total volume of damage [9–12]. In this respect, damage area is essentially related
to the contact pressures rather than the total applied force [4,13–19]. Early studies have
estimated the contact area and pressure based on elastic contact theory [20]. But errors in
the estimates of contact area can be around 20% because of clear limitations of this theory in
describing materials as complex as fruit and vegetables [21], which exhibit both anisotropic
properties and viscoelastic behavior [22–25].
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Experimentally, measuring the contact pressure area is difficult. Some techniques
have tried to determine the contact pressure area and pressure distribution. During the
early period, Herold et al. used a tactile sensing system to study apple contact areas.
Additionally, Rabelo et al. (2001) used a transducer board with micro-switches disposed in
linear and radial directions to measure orange contact areas [1,26]. Afterwards, Dan et al.
(2004, 2006, 2007) continuously studied the mechanical stress distributions of cucumber and
food with an I-Scan50 sheet sensor [27–29]. The ultrasonic technique was also employed by
Lewis et al. (2008) to characterize apple contact pressure distribution. It was noted that
non-invasive pressure-sensitive film (PSF) can measure the contact pressure area as a new
technique [19]. Because the measurement results with this film can be visualized vividly
and directly, it has been widely used in medical engineering and physics initially [30–36].
Recently, studies involving the use of PSF for fruit contact pressure analysis have begun
to increase [37–42]. However, until now, little data have been published to further discuss
the relationship between PSF pressure area and bruise area (>, < or ≈), although there is
no doubt that fruit bruising is the consequence of contact pressure development, so it is
expected to make certain which pressure ranges can be well compared with bruised areas.

Apart from measurement methods, an alternative approach is to estimate stresses
using finite element (FE) analysis, which provides a user-friendly format for interpreting
bruise formation in fruits. Several studies have reported on the analysis of static and
dynamic contact pressure on fruits with the FE method [4,19,43–47]. Nonetheless, there
are some limitations to FE in predicting bruise area without data support and guidance
from contact pressure measurements. It is noteworthy that Lewis et al. used measurements
from the ultrasonic technique of apple contact areas and stresses under static loading
to validate the output from an FE simulation [19]. With this in mind, if contact pressure
measurements are combined with PSF, the FE method can achieve a high degree of accuracy
in predicting apple wear areas under static contact. In addition, the use of the pressure-
sensitive film (PSF) technique combined with finite element (FE) analysis for more accurate
bruise prediction may not have been extensively explored in the previous literature.

Therefore, the aim of this study was to use the PSF technique to measure the contact
areas and pressure of whole apple fruit under compression tests. Furthermore, the relation-
ship between the PSF contact area and bruising area is determined. Finally, it is used to
validate the output of an FE model of an apple to improve bruising area prediction. The
results will ultimately be developed into a design tool for apple harvest and packaging
machines to reduce the likelihood of apple bruising occurring.

2. Materials and Methods
2.1. Samples

“Aksufuji” apple is one of the main cultivated apple varieties in the Aksu area, widely
loved by consumers for its high sweetness, crispness, sweet flesh, and juiciness.“Aksufuji”
cultivar apples at a similar ripening stage were harvested on 15 October 2021 from an
orchard located in Aksu city, Xinjiang Autonomous Region, China. The samples were
selected carefully by hand to remove all damaged and defected apples and stored at
2 ± 1 ◦C temperature and 90 ± 5% relative humidity (RH) immediately. Firmness, soluble
solid content, and water content tests were carried out on the apple prior to testing to
ensure that samples with consistent properties were used (Table 1).

Table 1. Material properties of apple sample.

Value

Mass (g) 200.0 ± 6.7
Firmness (N) 79.9 ± 2.6

Soluble solid content (◦Brix) 13.7 ± 0.4
Water content (%) 86.8 ± 1.2
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2.2. Compression Tests and PSF Measurements

Before the compression tests, the samples were maintained at room temperature
(20 ± 1) ◦C for 24 h. According to the literature [27], the critical value of the yield stress
of red Fuji apple pulp is 40–100 N. Preparatory tests in this study detected damage to
apples beginning at 50~60 N. The sample was loaded at the contact point between two
parallel flat plates by applying a load (50, 52, 54, 56, 58, 60, 70, 80, 90, and 100 N) to the
upper plate. For compression, the pressure-sensitive film was fixed on the contact surface
between the flat plate and the apple for 300 s. The curvature radius of the contact point
was maintained at 35.5 ± 1.3 mm for all tests with a spherometer to eliminate its effect on
the bruise area. One hundred samples of Aksufuji apples were collected for the test at each
level. Each test was repeated 10 times. At the same time, PSF (Fuji Film Corporation, Tokyo,
Japan) was placed between the sample and the upper plate to measure the pressure area
and contact pressure. The maximum pressure in the contact remained at approximately
0.5 MPa for all the loads in the previous study; therefore, the ultra-super-low film was
adopted for the compression tests of apples [19]. When force was applied to the A-film
(Figure 1), the microcapsules broke, and the color-forming material reacted with the color-
developing material to present multiple colors corresponding to the level of applied force.
During compression, the PSF measurement was performed at 20–35 ◦C and 35–80% relative
humidity. After a 5 min dwell time, the C-film was placed into a PerfectionTM V300 Photo
(Epson Corporation, Suwa, Japan) scanner model to identify the image of the contact
pressure distribution, as shown in Figure 2. An FPD-8010E pre-scale pressure graph system
(Fuji Film Corporation) was used to analyze the images and obtain the contact pressure
and pressure area.
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2.3. Apple Bruise Measurements

In the browning treatment and damage area measurement of the fruit damage site
under normal conditions, intracellular polyphenol oxidase (PPO) binds to the inner mem-
brane of the organelle and is protected and controlled by the cell membrane. When the
membranes of the apple tissues are damaged, PPO from the cytoplasm mixes with phenolic
molecules from the vacuole. The reaction results in brown coloration. The enzymatic
browning reaction process is affected by many factors, such as the presence of air and pH



Processes 2024, 12, 543 4 of 12

value. PPO becomes activated when the pH of the reaction environment is 6.0–7.4 [48].
Therefore, adjusting the pH could accelerate the enzymatic browning reaction in the dam-
aged area to obtain a clear browning area on the damaged part of the fruit. To attain full
enzymatic fruit browning, the loading region of the apple samples was completely peeled
back to the skin and soaked for 4 h in a 1.2 M NaHCO3 solution (pH 7.1). The excess
solution on the surface was removed with absorbent paper. A distinct apple bruise profile
was formed and imported into Matlab 2014 software (The MathWorks Inc., Natick, MA,
USA) to detect the bruise’s edge and calculate the area. The damaged contour area was
extracted, and the Bwarea algorithm was used to calculate the contour area to obtain the
hydrostatic damage area of the apples (Figure 3).
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2.4. Finite Element Analysis
2.4.1. Model and Mesh Generation

To simplify the modeling of apples, isotropic and linear elastic material properties
were assumed. To generate the apple’s geometry, an outline curve was created using image
processing technology. Half of the curved surface was imported into Simulia Abaqus
2016 software (Dassault Systemes, Vélizy-Villacoublay, France) and rotated 360◦ around
the longitudinal axis (stem–calix) to create a geometric model of the apple. Tetrahedral
elements were used to mesh the apple model (Figure 4), and 69,600 elements were formed.
Models of the plates were then created using the block volume. The upper and lower plates
were meshed with 3000 hexahedral rigid elements. All geometrical models were meshed
using three-dimensional structural solid elements (SOLID185). The parameter values of the
material properties used in meshing are listed in Table 2.
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Table 2. Young’s modulus, Poisson’s ratio, and density for the FE models.

Material Properties
Values

Apple Plate

Elastic modulus (MPa) 2.36 2 × 105

Poisson’s ratio 0.34 0.30
Density (Kg/m3) 1000 7800



Processes 2024, 12, 543 5 of 12

2.4.2. Simulation Analysis

The concept of equivalent stress has been used in failure analyses of agricultural
materials [45,49]. The equivalent stress analysis followed the Von Mises failure criterion.
Equivalent stresses are the functions of the three principal normal stresses (σ1, σ2, and
σ3), which act in the perpendicular direction to the surface of the object, and they can be
calculated using the following equation [14]:

(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2 = 2σe
2 (1)

where σe is Von Mises stress or equivalent stress; σ1, σ2, and σ3 are the principal stresses
(σ1 ≥ σ2 ≥ σ3).

To simulate actual compression tests, rigid-to-flexible contact pairs were created to
represent the contact surfaces. The degrees of freedom of the plates were constrained to
achieve axial compression. Loads were applied, and the desired analytical results, including
the equivalent stress distribution, were obtained.

3. Results and Discussion
3.1. Changes in Bruise and PSF Contact Pressure Distribution

The apple bruises and contact pressure distributions are shown in Figure 5. The
characteristic map of contact stress distribution in apples under different pressures revealed
the tendency of the contour of the stress to be more similar to an ellipse. The stress
distribution did not coincide with the contour of the damaged area under the corresponding
pressure, and the area of stress distribution was larger than that of the damaged area. The
lower stress (<0.10 MPa) was mainly distributed at the edge of the stress distribution area in
a very small area. This was most likely the area of the stress distribution that did not cause
damage to the apples. Because the pressure-sensitive film is sensitive to the roughness
of a material’s surface, there are different degrees of bumps on the surface of the apples.
Thus, there are still sporadic lower stresses inside the stress distribution area, which is
consistent with the similar damage characteristics of apples subjected to pressure. No
bruising was observed at loads of 50 and 52 N, although a contact pressure distribution
could be observed. A small dent on the apple’s surface did not lead to any discoloration
of the apple flesh. This may be because the apple flesh underwent elastic deformation at
a relatively small load and did not reach the rupture point of the tissue. When the load
was 54 N, a brown coloration associated with bruising occurred because of cell rupture.
This suggests that the apple flesh most likely reached its failure or yield point at this load.
In terms of this force and its corresponding bruise area, a calculated stress of 0.29 MPa
would be close to the apple’s bioyield stress value. A similar value has been reported by
Chakespari for failure stress in “Shafi Abadi” and “Golab Kohanz” apples, recorded at 0.37
and 0.32 MPa, respectively [6].
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Figure 5. The PSF contact pressure distributions of apples under compression and their
corresponding bruises.

Compared with the actual bruised area, the pressure area on the PSF was slightly
lower, which agrees with the ultrasonic measurements by Lewis et al. [19]. In addition, in
Figure 6, the two trend lines for the bruise and pressure areas increase when the loads are
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kept nearly parallel, showing a relatively constant difference between the bruise area and
pressure with changes in the applied load. The difference was 19.2 mm2, and the measured
pressure area was approximately 9% higher than the bruised area.

Processes 2024, 12, x FOR PEER REVIEW 6 of 12 
 

 

 
Figure 5. The PSF contact pressure distributions of apples under compression and their correspond-
ing bruises. 

Compared with the actual bruised area, the pressure area on the PSF was slightly 
lower, which agrees with the ultrasonic measurements by Lewis et al. [19]. In addition, in 
Figure 6, the two trend lines for the bruise and pressure areas increase when the loads are 
kept nearly parallel, showing a relatively constant difference between the bruise area and 
pressure with changes in the applied load. The difference was 19.2 mm2, and the measured 
pressure area was approximately 9% higher than the bruised area. 

 
Figure 6. Changes in bruise area and contact pressure area of apple with increasing compressive 
loads. 

3.2. The PSF Pressure Distribution Characteristics and Their Relationship with Bruising 
The changes in the average pressure of apples with varying compressive loads are 

shown in Figure 7. For all loads, the average pressure fluctuated in the range of 0.26–0.31 
MPa, showing no apparent changes. This means that apple bruise variation does not de-
pend on the average pressure. 

 
Figure 7. Changes in average pressure of apple with increasing compressive loads. 

Figure 6. Changes in bruise area and contact pressure area of apple with increasing compressive loads.

3.2. The PSF Pressure Distribution Characteristics and Their Relationship with Bruising

The changes in the average pressure of apples with varying compressive loads
are shown in Figure 7. For all loads, the average pressure fluctuated in the range of
0.26–0.31 MPa, showing no apparent changes. This means that apple bruise variation does
not depend on the average pressure.
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The PSF scans in Figure 5 show that the contact stress distribution on the apple at
different pressures did not match the damaged contact area at its corresponding pressure.
This is possible because PSF is sensitive to the roughness of the apple’s surface. The
pressure was greater near the center of the contact area and lessened towards the edge. The
histogram analysis of pressure distribution (Figure 8) showed that there was a relatively
smaller area when the pressure was >0.40 MPa or <0.20 MPa. Especially for pressures
≥0.50 MPa, the distributed area was so small (only 1–11 mm2) that it could be ignored. This
was probably because a few tiny sharp points on the apple’s surface caused concentrated
areas of local stress. Therefore, it is evident that apple bruises cannot be influenced by peak
pressure. Comparatively, the areas of pressure ranged from 0.20 to 0.40 MPa and accounted
for 72% of the total pressure area. The tissue in this region may be ruptured and collapsed
by the larger stress because the pressure of 0.29 MPa was an approximate value of apple
failure stress (see Section 3.1).
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Additionally, the PSF scans showed that pressures ≥0.10 MPa were distributed mainly
at the edge of the contact circle. The average area was just 16.9 mm2, which happened to
coincide with the difference between the bruise area and total pressure area, as mentioned
in Section 3.1. This makes us believe that the edge region subjected to the pressure of <0.10
MPa is likely to not be damaged. Comparisons of areas with five contact pressure ranges
(≥0, ≥0.05, ≥0.10, ≥0.15, and ≥0.20 MPa) with bruise areas (Table 3) further proved that
the areas of pressures of ≥0.10 MPa were closest to the bruised area among the five pressure
ranges. When the area of this contact pressure range was applied to estimate the bruised
area, the average error was only 1.66%. Hence, as shown in Figure 9, a fairly good linear
relationship between the bruise area and ≥0.10 MPa pressure area was also determined
(correlation coefficient R2 ≥0.99).

A = 0.98Ap≥0.10 + 1.95 (2)

where A is the bruise area, and Ap≥0.10 is the area of ≥0.10 MPa pressure (stress).

Table 3. Comparisons of contact area of different pressure ranges with bruise area.

Compressive
Load (N)

Average Difference by the PSF (%)

≥0 MPa ≥0.05 MPa ≥0.10 MPa ≥0.15 MPa ≥0.20 MPa

50 — — — — —
52 — — — — —
54 9.72 6.96 1.22 2.04 6.42
56 10.72 9.74 2.09 9.50 11.20
58 13.16 9.73 2.05 10.34 11.32
60 6.07 5.18 1.11 12.23 11.74
70 8.53 5.50 1.23 17.90 15.92
80 8.26 5.99 2.12 7.60 4.07
90 7.45 4.80 1.74 8.49 5.12

100 9.49 6.12 1.74 7.89 5.84

In summary, the average stress for apple pulp failure was 0.29 MPa, but the damaged
area exceeded the stress distribution range of 0.29 MPa and reached 0.10 MPa. The rupture
of the pulp under a stress of 0.29 MPa would lead to the collapse or rupture of the sur-
rounding adjacent tissues, and the release of browning-inducing phenolics would further
enhance this diffusion effect. The release of phenolics would further enhance the diffusion
effect, and only pulp tissues in the stress range of <0.10 MPa might be relatively intact and
not subjected to the browning effect of phenolics. From these analyses, it is clear that no
browning damage occurred at <0.10 MPa stress at the edge of the compression edge, and
only the area with stress ≥0.10 MPa was the actual damaged area of the apple.
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3.3. Prediction of Bruise Area with FE Simulation of Contact Stress

Figure 10 shows a typical plot of the FE simulation of the equivalent stress for apples
compressed at 100 N. Unlike in the PSF scans, the stress did not display a fragmentary
distribution. This may be because apple models with smooth surfaces were used in the FE
analysis. Thus, the maximum contact stress was slightly lower than the value measured by
the PSF, remaining at a level of 0.30–0.40 MPa.
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As discussed above, the area of contact over 0.10 MPa in each case can be used to
accurately assess apple bruises; therefore, it was used to define the predicted bruise region
in the equivalent stress distribution, as illustrated in Figure 11. This figure depicts the
results of the evaluation of the predicted bruising of apples with increasing compressive
loads. The predicted bruise size was slightly larger than the actual bruise on the apple,
especially for loads over 80 N. The predicted bruise areas were calculated using Equation (2)
and compared with the experimental results for the apple bruise. As shown in Table 4 and
Figure 12, a better-predicted area was achieved with minor error rates of 0–7.89% when
the load was changed from 54 to 80 N. However, a sudden rise in the predicted error for
the bruise was evident when the compressive load was >80 N. For a load of 100 N, the
predicted bruise areas were 25.90% larger than the actual bruise area. This unsatisfactory
result suggests that the assumption of linear elastic material properties in FE analysis is not
applicable for apple bruise prediction when subjected to heavy plastic deformation under
larger loading conditions. This needs to be improved by introducing the elastic–plastic
properties of apples in the FE analysis in future work.
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Table 4. The relative error rates of bruise area predicted by the FE analysis.

F (N)

50 52 54 56 58 60 70 80 90 100

Average actual
bruise area (mm2) 0 0 172.99 179.04 183.82 190.95 203.35 251.51 281.46 301.40

Average predicted
bruise area (mm2) 1.95 1.95 165.98 179.21 180.82 192.99 219.39 261.97 318.92 379.46

Average relative
error rate (%) — — 4.05 0.09 1.63 1.07 7.89 4.16 13.31 25.90
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4. Conclusions

The apple bruise area under compression was measured using enzymatic browning
and bruise contour extraction with image processing. A novel PSF technique was used to
characterize the contact pressure distribution. A threshold of compressive load of 54 N was
identified, and the failure stress of the apple flesh was approximately 0.29 MPa. Above
this value, enzymatic browning occurred. The contact pressure exhibited a fragmented
distribution and formed an elliptical region. The average pressure fluctuated slightly in
the range of 0.26–0.31 MPa as the applied load changed, showing no effect on the bruised
area. The pressure over 0.50 MPa distributed at tiny spots contributed little to the bruised
area. The contact areas of 0.20–0.40 MPa pressure accounted for 72% of the total pressure
area. The pressure of <0.10 MPa mainly covered the contact edge, and its distributed
region showed no bruises. Therefore, a pressure area of ≥0.10 MPa is strongly linearly
correlated with the bruise area, with a correlation coefficient of ≥0.99. When this pressure
range and its linear equation were used for the determination of the bruise area in the FE
simulations for compressed apples, the predicted error was only 0–7.89% for loads ranging
from 50 to 80 N. However, a larger predicted error occurred when the load exceeded 90 N.
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Thus, the linear elastic FE model would not be appropriate for the accurate prediction of
apple bruises.

In addition, it is clear from these analyses that apple pulp did not suffer browning
damage in the stress region <0.10 MPa at the edge of the compression. This threshold
contributes to our understanding of the ability of apples to tolerate external stresses.
Understanding the relationship between stress thresholds and bruise formation can help
optimize apple handling and packaging methods. Avoiding or minimizing mechanical
damage during the postharvest handling, storage, and transportation of fruits is essential.
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