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DETECTION OF INTERNALLY BRUISED  
BLUEBERRIES USING HYPERSPECTRAL  

TRANSMITTANCE IMAGING 

M. Zhang,  C. Li,  F. Takeda,  F. Yang 

ABSTRACT. Internal bruise damage that occurs in blueberry fruit during harvest operations and postharvest handling low-
ers the overall quality and causes significant economic losses. The main goal of this study was to nondestructively detect 
internal bruises in blueberries after mechanical damage using hyperspectral transmittance imaging. A total of 600 hand-
harvested blueberries were divided into 20 groups of four storage times (30 min, 3 h, 12 h, and 24 h), two storage temper-
atures (22°C and 4°C), and three treatments (stem bruise, equator bruise, and control). A near-infrared hyperspectral 
imaging system was used to acquire transmittance images from 970 to 1400 nm with 5 nm bandwidth. Images were acquired 
from three orientations (calyx-up, stem-up, and equator-up) for fruit in the control and stem bruise groups and from four 
orientations (calyx-up, stem-up, equator-up, and equator-down) in the equator bruise groups. Immediately after imaging, 
the fruit samples were sliced, and the sliced surfaces were photographed. The color images of sliced fruit were used as 
references. By comparing with the reference color images, the profiles of spatial and spectral intensities were evaluated to 
observe the effect of orientation and help extract regions of interest (ROIs) of bruised and healthy tissues. A support vector 
machine (SVM) classifier was trained and tested to classify pixels of bruised and healthy tissues. Classification maps were 
produced, and the bruise ratio was calculated to identify bruised blueberries (bruise ratio >25%). The average accuracy of 
blueberry identification was 94.5% with the stem-up orientation. The results indicate that detecting bruised blueberries as 
soon as 30 min after mechanical damage is feasible using hyperspectral transmittance imaging. 

Keywords. Blueberry, Bruise detection, Classification, Hyperspectral imagery, Transmittance mode. 

lueberries have become popular around the world 
due to their appealing flavor and high nutraceuti-
cal value (Mazza et al., 2002). The U.S. produced 
262,539 tons of blueberries in 2014, which was 

50% of total world production (FAOSTAT, 2014). More 

than half of U.S. production went to the fresh market, gener-
ating more than $630 million (NASS, 2014). Most blueber-
ries intended to be consumed fresh are hand-picked and 
transported over long distances. During harvesting and pack-
aging, berries can be bruised by hand and mechanical im-
pact. Bruise damage accelerates fruit decay during transport 
and lowers overall quality (Opara and Pathare, 2014; Takeda 
et al., 2013). Furthermore, bruised blueberries are less attrac-
tive to customers due to their shriveled appearance and lack 
of firm texture (Dale et al., 1994). As a result, fruit bruising 
causes significant economic losses in the blueberry industry 
due to degraded quality and rejection by the consumer (Chia-
brando et al., 2009; Opara and Pathare, 2014; Prusky, 2011). 
Therefore, it is important to distinguish bruised blueberries 
from non-bruised blueberries to remove low-quality fruit 
from the fresh blueberry supply chain. 

Blueberry internal bruises are not visible to the human 
eye. Under current industry standards, blueberry bruises are 
detected by tactile feel of the whole fruit or sometimes by 
visually assessing tissue discoloration after slicing berries in 
half. When a blueberry is impacted, the cellular structure can 
be damaged, causing free water to be released from the cells. 
Immediately after the impact, the bruising is not easy to ob-
serve in whole blueberries nor in sliced blueberries. After 1 
or 2 h, the bruised tissues become soft and start to turn brown 
(Brown et al., 1974; Burda et al., 1990), so the bruising be-
comes clearer, but the edge of the bruising is not obvious in 
sliced fruit. Therefore, it is difficult for workers to identify 
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the bruised region and grade the blueberry. After one day, 
the bruised tissues are very soft and discoloration continues 
to develop, enabling an experienced worker to easily distin-
guish the bruising. The disadvantages of these inspection 
methods are that they are time-consuming and their accuracy 
declines after a few hours of continuously monitoring the 
fruit (Opara and Pathare, 2014). Additionally, they are not 
effective for identifying bruised blueberries in the early stage 
of bruising. In addition, quantifying bruise damage by slic-
ing the fruit is destructive. To address these issues, reference 
charts have been developed to assist graders in determining 
the bruise grade based on standard bruising scores (Toivonen 
et al., 2007). However, this approach is still subjective and 
too time-consuming. 

Firmness measurement techniques have been developed 
to speed up the inspection process for fruit quality evaluation 
and produce more accurate grades, including firmness/tex-
ture analyzers for blueberry (Slaughter and Rohrbach, 1985), 
acoustic impulse-response measuring for tomato fruit 
(Schotte et al., 1999), and resonance frequency-based meth-
ods for peach fruit (Goliáš et al., 2003). These methods can 
provide more accurate measurements of firmness, but many 
of the firmness measurement techniques require directly 
contacting the fruit and therefore could potentially cause 
damage to blueberries. 

Visible/near-infrared (Vis/NIR) spectroscopy has been 
shown to have potential for detecting internal defects such 
as watercore, internal browning, internal breakdown, and in-
sect infestation with rapid and nondestructive measurement. 
For example, Upchurch et al. (1997) identified apples with 
internal breakdown using body transmittance and achieved 
more than 85% accuracy in detecting defective apples. Clark 
et al. (2003) found that apple browning affected the spectral 
information and had stronger absorbance in the red area of 
the spectrum. Vis-NIR spectroscopy was also reported for 
detecting physiological disorders, such as water-soaked and 
browning flesh in melons (Ito et al., 2003), and for predicting 
storage disorders in kiwifruit (Clark et al., 2004). However, 
the limitation of conventional NIR spectroscopy is that a sin-
gle spectrum collected from one area of the fruit may not be 
a good representation of the entire fruit. 

In the past decade, hyperspectral imaging has emerged as 
a powerful technique that can provide both spectral and spa-
tial information without contacting the samples. Hyperspec-
tral imaging has been used to detect bruises and bitter pit in 
apples (Xing et al., 2007) (<3% misclassification of apple 
bruises) and chilling injuries in cucumbers (Cheng et al., 
2004) (>80% accuracy) using the diffuse reflectance mode. 
To extend the application of this technology, the transmit-
tance mode was developed to acquire hyperspectral images 
for food quality assessment. The transmittance mode, in 
which the fruit surface scanned by the detector is diametri-
cally opposite to the illuminated surface (Kawano et al., 
1993; Miyamoto and Kitano, 1995), may be less sensitive to 
surface properties and better for detecting internal quality 
than the reflectance mode (Schaare and Fraser, 2000). Qin 
and Lu (2005) used hyperspectral transmittance imaging 
combined with a neural network to detect pits in tart cherries 
and achieved low average classification errors (<3%). Cu-
cumber samples that had internal damage displayed higher 

transmittance values than cucumber samples with no internal 
damage, and the transmittance mode achieved >90% accu-
racy in this classification (Ariana and Lu, 2008). The re-
searchers also reported that the hyperspectral imaging sys-
tem performed better than human inspection, and the trans-
mittance mode achieved higher detection rates (88% to 93%) 
than the reflectance mode (82% to 88%) for pest infestation 
(Lu and Ariana, 2013). 

More recently, Hu et al. (2016) used reflectance, trans-
mittance, and interactance imaging spectroscopy to detect 
blueberry mechanical damage in the spectral range of 328 to 
1113 nm. They reported that several transmittance-based 
classifiers obtained satisfactory accuracies (79.1% for lo-
gistic regression, 74.4% for multilayer perceptron with back-
propagation, and 72.1% for logistic function tree) in classi-
fying damaged blueberries 48 h after the blueberries were 
impacted, but the methods performed poorly for early detec-
tion (only 30% to 50% accuracy). Furthermore, Jiang et al. 
(2016) used hyperspectral imaging with the reflectance 
mode to detect bruising in blueberries at 24 and 48 h after 
the blueberries were impacted. Hyperspectral reflectance 
imaging in the spectral range of 950 to 1650 nm achieved 
excellent classification results (94%, 92%, and 96% for the 
training set, independent test set, and combined set, respec-
tively). The limitation of that study was that the bruised part 
of the blueberry needed to face the camera. In a practical ap-
plication, the bruised areas of blueberries may not be per-
fectly positioned to face the camera. 

Packaging, storage, and temperature affect the rate of 
fruit deterioration. After packaging and during transporta-
tion, blueberries are held at low temperatures (0°C to 4°C). 
In general, low temperatures reduce bruise damage (Van lin-
den et al., 2006), but it is still important to monitor the de-
velopment of bruise damage at low temperatures (Opara and 
Pathare, 2014). Hu et al. (2016) reported that their classifi-
cation accuracies for bruised blueberries evolved with time, 
but they did not perform their experiment at a low tempera-
ture. 

Therefore, the overall goal of this study was to explore 
the possibility of early detection of blueberry internal bruise 
damage using hyperspectral transmittance imaging in the 
near-infrared spectral range within 24 h after impact at two 
storage temperatures (22°C and 4°C). The specific objec-
tives were to: (1) inspect the transmittance spatial and spec-
tral profile differences between bruised and healthy blueber-
ries and the effects of fruit orientation to the imaging data, 
(2) investigate the development of bruise damage in blueber-
ries over time at two temperatures, and (3) use the estab-
lished classification model to classify the pixels of bruised 
and healthy tissues from various groups to explore the feasi-
bility of early detection. 

MATERIALS AND METHODS 
SAMPLE PREPARATION 

Mature fruit of the southern highbush blueberry (Vaccin-

ium corymbosum hybrids) cultivar ‘Farthing’ were harvested 
by hand at a commercial farm in Alma, Georgia, in May 
2016. The samples were manually selected so that all of the 
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berries were of a similar size and blemish-free. The samples 
were packed into clamshells and then stored at 4°C in a re-
frigerator. The intact blueberries were separated into 
20 groups of 30 fruit each (table 1). The control groups were 
kept intact, whereas the bruising treatments were applied us-
ing a pendulum (Yu et al., 2014) with an arm length of 30 cm 
to impact fruit against a steel plate either at the stem end or 
the equator (fig. 1). The total weight of the blueberry fixator 
and the wooden arm was 29.45 g. Blueberry bruising devel-
opment was investigated at two temperatures: room temper-
ature (22°C) and cold storage simulation (4°C). Before 

bruising treatments, the 22°C groups were taken out of the 
refrigerator and stored in an air-conditioned room for 2 h to 
let them warm to room temperature (22°C). The 4°C groups 
were briefly removed from the refrigerator during the bruis-
ing treatments and then quickly returned to the refrigerator 
to simulate impacts occurring at low temperature (4°C). Af-
ter bruise creation and before acquiring images, the 22°C 
groups were stored in the air-conditioned room (at 22°C), 
and the 4°C groups were refrigerated (at 4°C) for 30 min, 
3 h, 12 h, or 24 h, depending on the storage time to which 
the group was assigned. The four control groups were stored 
at 22°C for 30 min, at 22°C for 24 h, at 4°C for 30 min, and 
at 4°C for 24 h before imaging. An intact blueberry does not 
change much within 24 h in terms of weight loss, water loss, 
or tissue decay (Almenar et al., 2008; Jackson et al., 1999), 
so there were no control groups for the storage times of 3 
and 12 h. After treatment, all groups were kept enclosed in 
plastic wrap before image acquisition. 

ACQUISITION OF HYPERSPECTRAL  
AND REFERENCE IMAGES 

A near-infrared hyperspectral imaging system (Wang et 
al., 2012) was used to acquire transmittance images of blue-
berry fruit placed on a black sample holder that had an 8 mm 
diameter hole (fig. 2). To provide uniform lighting, a 12 V, 

Table 1. Sample size of each group with various treatments. 
Storage 
Time 

Impact 
Position[a] 

Storage Temperature 
Total 22°C 4°C 

30 min Stem End 30 30 60 
Equator 30 30 60 
None 30 30 60 

3 h Stem End 30 30 60 
Equator 30 30 60 

12 h Stem End 30 30 60 
Equator 30 30 60 

24 h Stem End 30 30 60 
Equator 30 30 60 
None 30 30 60 

Total 
 

300 300 600 
[a] “None” = control groups (no impact on blueberries). 

 

Figure 1. Pendulum apparatus used to create blueberry bruises and positions of the bruises (shaded area on the fruit). 
 

 

Figure 2. Schematic of hyperspectral transmittance imaging system. 
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50 W frosted halogen lamp with a smooth beam pattern that 
eliminated hot spots and shadows was installed below the 
sample holder. The distance between the sample holder and 
the lamp was 15 cm, and the distance between the filter of 
the image system and the sample holder was 87.5 cm. A dark 
chamber was used to enclose the system when acquiring im-
ages to exclude interference from ambient light. The nomi-
nal spectral response range of the imaging system was 850 
to 1850 nm. In this study, hyperspectral transmittance im-
ages were acquired from 970 to 1650 nm, at 5 nm spectral 
intervals, because of the low signal-to-noise ratios at the be-
ginning and end of the spectrum. 

To investigate the effects of fruit orientation, three differ-
ent orientations (calyx-up, stem-up, and equator-up) of blue-
berries in the control groups and stem bruise treatment 
groups were used when acquiring images of each blueberry 
(fig. 3). For the equator bruise treatment, in addition to the 
calyx-up and stem-up orientations, equator-up orientation 
(bruised area facing toward the camera) and equator-down 
orientation (bruised area facing away from the camera) were 
investigated, making four orientations for this treatment. 
Prior to collecting fruit images, a white reference image was 
acquired from a polytetrafluoroethylene (PTFE) Teflon plate 
(20 mm thickness), and a dark reference image was acquired 
by covering the filter of the imaging system. White and dark 
reference images were acquired again after every 18 images. 

After image acquisition, all samples were cut into halves 
along the bruised position, and the cross-sections of the 
sliced fruit were imaged with a digital camera (Lumix G6, 
Panasonic, Osaka, Japan) under room illumination to serve 
as RGB reference images for internal bruising evaluations. 

SPATIAL AND SPECTRAL INFORMATION EXTRACTION 
The acquired hyperspectral transmittance images were 

calibrated using a flat-field correction algorithm imple-
mented in Interactive Dynamic Language (IDL4.7, Exelis 
Visual Information Solutions, Boulder, Colo.) (Wang et al., 
2012) using the white and dark reference images. Based on 

a preliminary test, the intensities of the transmittance spec-
trum were very close to zero in the range of 1450-1650 nm, 
so the spectral range was truncated to 970-1400 nm 
(87 wavelength bands). The image of each blueberry was 
cropped to 55 × 55 pixels to remove the noise around the 
border. 

Transmittance spatial and spectral intensity profiles were 
extracted from the hyperspectral images of the stem bruise 
group, the equator bruise group, and the control group at 
storage temperature of 22°C and storage time of 24 h be-
cause the browning of bruises on the blueberries at the high 
temperature with longer storage time was most pronounced 
at the image level (Jiang et al., 2016). The profiles were used 
to investigate the spectral information of healthy and bruised 
tissues and to inspect the effect of different orientations of 
berries in bruise detection. 

To observe the effects of different storage times and tem-
peratures, one blueberry was randomly picked from each of 
the 20 groups, and the blueberries were displayed in the form 
of a grayscale image extracted from the hyperspectral trans-
mittance image. These 20 blueberries were then sliced in 
half, and color (RGB) images of the blueberry slices were 
taken with a DSLR camera for use as reference images to 
assist in manually selecting the regions of interest (ROIs) in 
the hyperspectral transmittance images. The spectral infor-
mation was extracted from the ROIs of each treatment group. 

The RGB images of the blueberry slices were used to 
manually calculate the bruise ratio by counting the number 
of pixels in bruised or discolored tissues and the number of 
pixels in the whole cross-section, and then dividing the 
bruised and discolored pixel count by the whole cross-sec-
tion pixel count to provide ground truth information. Analy-
sis of variance (ANOVA) was performed to investigate the 
differences in fruit bruising between various treatments us-
ing SAS (ver. 9.3, SAS Institute, Inc., Cary, N.C.), and ENVI 
(ver. 4.7, ITT Visual Information Solutions, Boulder, Colo.) 
was used to conduct profile extraction, ROI extraction, and 
manual bruise ratio generation. 

 

Figure 3. Orientations used for acquiring images of blueberry fruit: (a) three orientations (calyx-up, stem-up, and equator-up) used for the control 
and stem bruise groups and (b) four orientations (calyx-up, stem-up, equator-up, and equator-down) used for the equator bruise groups. The 
shaded area on the fruit indicates the bruised part. 
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CLASSIFICATION METHOD 
The transmittance spectra of pixels extracted from ROIs 

were used as the training set. Every spectrum of each pixel 
was treated as an observation, and each wavelength was used 
as a variable (87 variables). A support vector machine 
(SVM) was used to classify pixels as either bruised or 
healthy tissue. In this study, the fine Gaussian function was 
selected as the kernel function. The kernel scale was 2.3, and 
the box constraint level was 1. The training set was used to 
train the SVM classifier, and the classifier was evaluated by 
four-fold cross-validation. 

To verify the capability of the SVM classifier and explore 
the early detection of bruises, the SVM classifier was applied 
to all the pixels (beyond the ROIs) in the hyperspectral im-
ages. Thirty images of berries in the same group were mosa-
icked at each wavelength to form a new hyperspectral image 
cube containing 30 berries to conduct classification. The 
grayscale image was used to produce a mask to segregate 
blueberries from the background and remove the noise 
around the blueberries. The mask was generated using 
thresholding and morphological reconstruction. First, ac-
cording to a previous study (Zhang and Li, 2016), the gray-
scale image at 1070 nm was thresholded by an intensity 
value of 3000. Next, morphological reconstruction was used 
to fill holes and remove noise pixels, and the refined image 
was used as the mask. Additionally, individual blueberries 
were recognized by calculating connected regions in the 
mask. The mask was applied to the hyperspectral images at 
the full range of wavelengths. Finally, the trained SVM clas-
sifier was used to classify each pixel of each blueberry in the 
masked hyperspectral images. 

After classification, a classification map of the results was 
generated for every group. The pixels of the bruised areas 
and of the entire visible surface of the fruit were counted. 
Afterward, the bruise ratio was derived by dividing the pixel 
count of bruised tissue regions by the whole fruit pixel count. 
After bruise ratio calculation, the individual blueberries were 
identified as bruised if their bruise ratio exceeded 25%. Yu 
et al. (2014) and Hu et al. (2016) defined bruising as >25% 
of the cross-sectional area. Brown et al. (1996) indicated that 
blueberry firmness would decline significantly during stor-
age in samples with bruise damage on >25% of the cut sur-
face area. Classifier training, mask generation, classification 
map generation, and bruise ratio calculation were executed 
in MATLAB (ver. 2016a, The MathWorks, Inc., Natick, 
Mass.). 

RESULTS AND DISCUSSION 
SPECTRAL AND SPATIAL PROFILES 

For the control group at 22°C after 24 h, the horizontal 
and vertical spatial profiles at 1070 nm were not different at 
any orientation (fig. 4). However, the intensities were higher 
for the edges than for the center tissues. These areas were 
bright, probably because of their shorter optical path or the 
decaying tissues, and they could be mistakenly classified as 
bruised tissues, which would be a false positive. For the ca-
lyx-up orientation, the spatial intensities were higher for the 
calyx core than for other tissues in the pixel range of 20 to 

35, which is also visible in the grayscale image at 1070 nm. 
The same trend was present in the spectral profiles in the 
970-1150 nm range. In early detection of bruises, it was dif-
ficult to distinguish the calyx core as bruised tissue or 
healthy tissue. Further experiments should be designed to 
explore this phenomenon by investigating the optical prop-
erties of the calyx. For the stem-up orientation, there were 
only minor differences between the spectral profiles of the 
two selected pixels. For the equator-up orientation, the spec-
tral profiles were similar to those of stem-up. The average 
intensity with the equator-up orientation was slightly lower 
than with the stem-up orientation, likely due to the spheroid 
shape of blueberry fruit (i.e., the diameter at the equator is 
greater than the length of the stem-calyx axis). Using the 
RGB images as references, the tissue of the control group 
had light color and few bruises in the cross-section. 

In the stem bruise treatment at 22°C after 24 h, the pro-
files of the groups with bruise treatments had distinct fea-
tures compared with the control group (fig. 5). The stem-
bruised samples showed an overall higher intensity in the 
spatial and spectral profiles than the control group. The 
higher intensity of bruises detected by the transmittance 
mode was also reported for pears (Han et al., 2006) and pick-
ling cucumbers (Ariana and Lu, 2008). This could be be-
cause the bruised tissues leaked water from the cells, became 
loose, and collapsed. Bruised cells were observed to burst 
and detach in ‘Golden Delicious’ apples under scanning 
electron microscopy (SEM) (Mitsuhashi-Gonzalez et al., 
2010). Cell membrane damage that led to leakage could ac-
count for increased light transmission in blueberry bruises. 
The abilities of cellular components (e.g., cell wall, mem-
brane, and starch) to scatter light, generally in the form of 
diffracted or reflected light, might have decreased because 
the ruptured cells caused fluid leakage buildup (Ariana and 
Lu, 2008; Lu et al., 2010; Miller et al., 1995). When the re-
fractive index of the cell walls coordinates with that of the 
infiltrating liquid, reflectance approaches a minimum and 
transmission approaches a maximum (Vogelmann, 1993); 
therefore, the blueberry bruises were observed as darker pix-
els using the reflectance mode (Jiang et al., 2016). In this 
study, using the transmittance mode, bruised areas were ob-
served as bright pixels in the near-infrared spectral range. 

The orientations also had effects on the images. As previ-
ously discussed, calyx-up was not an ideal orientation for 
detection of bruises because of interference from the calyx. 
For the stem-up orientation, the average intensity of the 
bruised tissue was higher than for the control group, but no 
distinct differences between spatial profiles were observed. 
For the equator-up orientation, the bruised tissues in the stem 
area presented higher intensities in both the spatial and spec-
tral profiles. The spectral contrast between bruised and 
healthy tissues was greatest at about 1070 nm. The bruised 
tissues appeared much darker than healthy tissues in the 
RGB images of the sliced fruit. 

Bruised tissues of blueberries in the equator bruise treat-
ment groups were also expressed clearly in the spatial and 
spectral information for the calyx-up and stem-up orienta-
tions (fig. 6). The intensity of the spatial and spectral profiles 
on the bruised side was significantly higher than for healthy 
tissue. For the equator-up and equator-down orientations, the 
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intensities of the spatial and spectral profiles were not dis-
tinct for healthy and bruised tissues because the light passed 
through both healthy and bruised tissues. 

Based on the spatial and spectral profiles from the three 
treatments with the various orientations, bruised tissues had 
higher transmittance intensities than healthy tissues. Calyx-
up was not suitable for bruise detection because the intensi-
ties were higher in the calyx region than in healthy tissue. 
Thus, the pixels of healthy tissues in the calyx region might 
be misclassified as bruised tissues. The equator-up orienta-
tion might be effective for stem bruise detection, but it is not 
practical to orient blueberries this way in commercial pro-
cessing. To apply this technology for bruise detection in 
commercial packing lines, further improvement is necessary 

to orient all fruit with their equators oriented toward the light 
source. Therefore, the stem-up orientation was chosen for 
further analysis of the hyperspectral images of all treatment 
groups. 

SPECTRAL IMAGES AT VARIOUS STORAGE TIMES  
AND TEMPERATURES 

In comparison to the control groups, the bruised blueber-
ries appeared with bright pixels in the transmittance spectral 
images (fig. 7). The best contrast between bruised and 
healthy tissues was obtained at 1070 nm. This pattern held 
true at both temperatures. For instance, in the stem bruise 
group at 22°C, bruising was visible at 30 min as bright pix-
els, and the pixels in the bruised areas looked increasingly 

Figure 4. Three grayscale images (55 × 55 pixels) at 1070 nm of one fruit from the control group at 22°C after 24 h in three orientations (left), 
vertical and horizontal profiles of the three orientations at 1070 nm (middle), spectral profiles at specified points in the images (right), and fruit
slicing method and RGB reference image (bottom). Calyx-up, stem-up, and equator-up refer to the orientations shown in figure 3a. 
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bright with increasing storage time (from 3 to 24 h). In the 
RGB reference images, the bruised tissues turned increas-
ingly brown with time. At the lower temperature (4°C), the 
bruising (i.e., discoloration) did not develop as quickly as in 
the fruit stored at 22°C, but the bruise development followed 
the same trend. 

For the equator bruise group at 22°C, the bruising devel-
oped over time, and the contrast between bruised and healthy 
tissues was clearly seen at 3 h in the grayscale images. At 
4°C, bruises began to develop after 30 min of storage; the 
contrast between bruised and healthy tissues became clearer 
at 24 h. The ROIs were applied to the hyperspectral images 
of the stem-up orientation of bruised and healthy blueberry 
tissues. 

MEAN SPECTRA AND ANALYSIS OF  
BRUISE DEVELOPMENT 

The intensities of bruised tissues were considerably 
higher than those of healthy tissues for all groups in the spec-
tral range of 1000 to 1120 nm (fig. 8). At both temperatures, 
the intensities of the bruised tissues increased over 24 h, and 
the equator bruise groups had relatively higher intensities 
than the stem bruise groups. 

At 22°C, the difference in intensities between bruised tis-
sues and healthy tissues was manifested at all storage times. 
The intensities of bruised tissues increased as bruising de-
veloped. For the stem bruise treatment, the spectra increased 
steadily with storage time. In contrast, the spectra of the 
equator bruise treatment reached a high level at 3 h and then 

Figure 5. Three grayscale images at 1070 nm of one fruit from the stem bruise treatment group at 22°C after 24 h in three orientations (left), 
vertical and horizontal profiles of the three orientations at 1070 nm (middle), spectral profiles at specified points in the images (right), and fruit 
slicing method and RGB reference image (bottom). Calyx-up, stem-up, and equator-up refer to the orientations shown in figure 3a. 
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increased slowly. Very little difference was observed be-
tween the spectra of control groups at 30 min and 24 h; the 

 
spectra at 24 h was marginally higher, implying that the 
blueberry fruit was perhaps slowly deteriorating at room 

Figure 6. Four grayscale images at 1070 nm of one fruit from the equatorial bruise treatment group at 22°C after 24 h in four orientations (left), 
vertical and horizontal profiles of the four orientations at 1070 nm (middle), spectral profiles at specified points in the images (right), and fruit 
slicing and RGB reference image (bottom). Calyx-up, stem-up, equator-up, and equator-down refer to the orientations shown in figure 3b. 
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Figure 7. Spectral images (at 1070 nm with stem-up orientation) of one sample from each treatment group with two (for control) and four (for 
bruised) storage durations at 22°C and 4°C. RGB images of the sliced fruit (below the spectral images) provide references to internal bruising. 

Figure 8. Mean spectra from healthy and bruised tissues 30 min, 3 h, 12 h, and 24 h after impact with stem-up orientation at 22°C and 4°C. 
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temperature. 
At 4°C, the overall intensity of the stem bruise treatment 

was a bit lower than at 22°C, but the contrast between 
bruised and healthy tissues was still apparent. The spectral 
development trend of the equator bruise treatment was 
slower and finally reached the same high level as the high-
temperature treatment at 24 h. There was little spectral dif-
ference between the control groups at 30 min and 24 h. 

Regarding the grayscale images and mean spectra infor-
mation, storage temperature usually affected tissue response 
to mechanical damage. Baritelle and Hyde (2001) showed 
that a higher handling temperature for both potatoes and 
pears correlated with a higher possibility of strain failure of 
the tissue. Temperature can influence a tissue’s resistance to 
bruising by affecting the cell turgor; an increase in relative 
turgor reduces strain failure of the tissue. Higher tempera-
tures can also provoke faster release of ethylene and CO2, 
especially after an impact injury (DeMartino et al., 2002) of 
the blueberry. This is a result of autocatalytic ethylene pro-
duction and is also responsible for the acceleration of apricot 
ripening (Nanos et al., 1997). An increase in the incidence 
of bruising with increasing storage time was also likely due 
to the respiration effect (Chiabrando et al., 2009; Nunes et 
al., 2004). 

The results of the manual bruise ratios (fig. 9) and the sta-
tistical tests of the manual rating (table 2) matched the spec-
tral information. The mean value of manual bruise ratios for 
the control group was considerably lower than that of the 
bruise treatments. Bruising developed further with longer 

storage time at both temperatures. The manual bruise ratio 
of the equator bruise treatment was relatively higher than 
that of the stem bruise treatment. This might be because the 
equator side of a blueberry is typically less firm than the ca-
lyx and stem ends, and softer tissues are more easily bruised 
(Tetteh, 2002). 

PIXEL CLASSIFICATION 
The overall accuracy was 99.65% when the pixels from 

the ROIs were used for classification (table 3). The occur-
rences of false positives and false negatives were low. This 
indicates that the spectra of healthy tissues and bruised tis-
sues showed robust differences from each other. Jiang et al. 
(2016) achieved 96.25% accuracy in separating pixels of 
bruised and healthy tissues using reflectance mode. How-
ever, in that study, various cultivars of blueberries, including 
southern highbush cultivars (‘Camellia’, ‘Rebel’, and ‘Star’) 
and northern highbush cultivars (‘Bluecrop’, ‘Jersey’, and 
‘Liberty’), were used to extract the spectra. In this study, 
only one cultivar (‘Farthing’) was used, creating less natural 
variation. Thus, we expected our accuracy to be higher. 

After applying the SVM classier to the hyperspectral im-
ages (including pixels beyond the ROIs), bruising was de-
tected at the earliest time (30 min) at both 22°C and 4°C 
(fig. 10). This suggests that bruised blueberries can be de-
tected at harvest and in processing lines using the transmit-
tance imaging method. In the control groups, the borders of 
some blueberries were classified as bruised tissues. One rea-
son for this false positive classification could be that the bor-
ders of some blueberries in the control groups were water-
soaked tissues that were naturally decaying during transport 
and storage (Marlow and Loescher, 1984) but not yet brown-
ing. Another possible reason was that the flesh at the borders 
of blueberries is thinner than the center flesh, resulting in a 
shorter optical path. The intensities at the borders were 
higher and could be misclassified as bruised tissues. One 
way to avoid or minimize this phenomenon is to design a 

Figure 9. Comparison of manual bruise ratios for all 20 groups. 

Table 2. Duncan’s multiple range test for manual bruise ratio. 

 
Mean 
Value 

Duncan 
Grouping[a] 

Treatment Control 0.10 C 
 Stem bruise 0.34 B 
 Equator bruise 0.54 A 

Storage temperature 22°C 0.39 A 
 4°C 0.35 B 

Bruise: Time effects[b] 30 min 0.36 C 
 3 h 0.43 B 
 12 h 0.44 B 
 24 h 0.52 A 

Control: Time effects[c] 30 min 0.09 B 
 24 h 0.12 A 

[a] Different letters indicate significant differences (p < 0.05). 
[b] All bruise groups were combined. 
[c] All control groups were combined. 

Table 3. Confusion matrix of four-fold cross-validation of SVM 
classifier using data from ROIs (average accuracy = 99.65%). 

 Predicted Healthy Predicted Bruised Total 
True healthy 42,079 pixels 

(99.6% true negative) 
170 pixels 

(0.4% false positive) 
42,249 

True bruised 139 pixels 
(0.3% false negative) 

42,170 pixels 
(99.7% true positive) 

42,309 
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sample holder made of semitransparent material (e.g., Tef-
lon plate) that compensates for the shape of the fruit so that 
the transmittance on the surface of the fruit is uniform. The 
material could also be heat resistant to mitigate the heating 
effect on the fruit. 

When a 25% bruise ratio was set as the threshold to dif-
ferentiate bruised or healthy fruit, the average SVM classifi-
cation accuracy of healthy and bruised fruit for all treatment 
groups was 94.5% (table 4). The mean accuracies for 30 min 
were 96.7% at 22°C and 88.9% at 4°C. The results showed 
that bruises could be detected 30 min after impact, even at 
the low storage temperature of 4°C, which implied that the 
thresholding of 25% bruise ratio is efficient for the identifi-

cation of healthy and bruised blueberries. At 22°C, the accu-
racies for the bruise treatments were greater than 90%. The 
accuracy of 86.67% was for the 24 h storage time for the 
control group. As discussed above, a few blueberries were 
misclassified because of the short optical path at the borders, 
or due to water-soaked tissues, or a combination of both. At 
4°C, more bruised blueberries were misclassified as healthy 
berries due to the lower temperature, especially for groups 
imaged after 30 min. Misclassification also appeared in the 
stem bruise treatment because photons traveled through both 
healthy and bruised tissues with the stem-up orientation, and 
the differentiation power was reduced due to the mixed sig-
nals. 

Figure 10. Classification maps and RGB reference images of control groups, stem bruise groups, and equator bruise groups with stem-up orien-
tation 30 min after impact at 22°C and 4°C (six groups in total). 

Table 4. Accuracies for distinguishing bruised and healthy blueberries by bruise ratio using SVM classifier (average accuracy = 94.5%).[a] 

Storage 
Temperature 

Bruise 
Treatment 

30 min 3 h 12 h 

 

24 h 

Predicted 
Accuracy 

(%) Predicted 
Accuracy 

(%) Predicted 
Accuracy 

(%) Predicted 
Accuracy 

(%) 
22°C Stem 27 90  27 90  30 100  29 96.67 

 Equator 30 100  30 100  30 100  30 100 
 Control 30 100  - -  - -  26 86.67 

4°C Stem 25 83.33  27 90  24 80  28 93.33 
 Equator 27 90  30 100  30 100  30 100 
 Control 28 93.33 - - - -  29 96.67 

[a] “Predicted” is the number of blueberries that were identified correctly using bruise ratio. A blueberry was classified as bruised if its bruise ratio was 
greater than 25%. There were 30 blueberries in each group. There were no storage treatments at 3 h and 12 h for the control group. 
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The SVM model showed overall high accuracies for pre-
dicting bruised and healthy blueberries at an early stage of 
damage using only the stem-up orientation. A prior study 
(Hu et al., 2016) achieved accuracies of approximately 75% 
and 90% for classifying damaged and intact blueberries, re-
spectively, two days after impact using the mean transmit-
tance spectra of whole blueberries. In our study, the loca-
tions of bruising were identified using spectra-based pixel 
classification. This method would be useful for researchers 
to evaluate the sensitivity of blueberries to mechanical dam-
age, to interpret the bruising level, and to obtain more infor-
mation about the bruising. Furthermore, this method has 
great potential for commercial application. The transmit-
tance system could be implemented on a packing line to sort 
out internally bruised blueberries continuously and non-de-
structively. Compared to manual sorting, this method is non-
contact and would not cause any damage during postharvest 
operations. However, more studies are needed to develop 
this technique for commercial use. 

CONCLUSION 
Bruised tissues of blueberries had higher transmittance 

intensities than healthy tissues in the spectral range of 1000 
to 1150 nm. The largest difference between the spectral in-
tensities of bruised and healthy tissues was at around 
1070 nm. As bruising developed over time, the spectral in-
tensities of the bruised tissues increased. Low temperature 
can slow bruising damage, but the spectral response pattern 
of bruised tissues in fruit stored at 4°C was similar to that of 
fruit held at 22°C. Based on the classification results of sam-
ples imaged using the stem-up orientation, it was feasible to 
detect bruises in blueberry fruit within 30 min after a me-
chanical impact whether the fruit were stored at room tem-
perature or refrigerated. This study demonstrated the possi-
bility of detecting bruised berries right after harvest in the 
field on a mechanical blueberry harvesting machine. 

Additional experiments will be conducted to obtain the 
optical properties of bruised and healthy tissues of blueber-
ries in the near-infrared spectral range and, in particular, to 
explore the influence of the calyx on the spectral response. 
Further analyses of feature selection and classifier optimiza-
tion will be conducted to improve the efficiency and accu-
racy and to explore the capability of online bruise detection 
using hyperspectral imaging in transmittance mode. The 
technology presented in this article can improve automated 
machine sorting for separating bruised from non-bruised 
blueberries. In addition, the information about internal qual-
ities that determine fruit shelf-life can aid packers in making 
decisions about how and where to distribute their blueberry 
fruit through the supply chain. 
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