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ABsTrRACT. Firmness is an important fruit quality trait in northern highbush
blueberry (Vaccinium covymbosum). Many researchers, growers, and packers rely
on machines for measuring firmness right after harvest and during postharvest
cold storage of fresh fruit. In this study, we compared two machines that use
compression firmness measurements to determine a force-deformation value. The
first firmness-testing machine has been in use for the past 30 years by blueberry
(Vaccinium) researchers and packers worldwide. The second has been on the
market for the past 5 years. We compared fruit firmness and size measurements
for several commercial cultivars and breeding accessions of northern highbush
blueberry by both machines at harvest and 2 weeks postharvest. In general, we
found there were slight differences in fruit firmness and size measurements
between the two machines, but these measurements were generally consistent
across the machines. Our study suggests that, in general, one machine can predict
the measurements taken on the other machine.

irmness is an important fruit

quality trait in northem highbush

blueberry (Vaccinium corymbosum)
and contributes to machine harvestability,
postharvest quality, shelf life, and the con-
sumer eating experience. Fruit firmness,
particularly resistance to bruising, is impor-
tant for machine harvesting in both proc-
essing and fresh bluebernty (Vaccinium)
markets. The suitability of a particular cul-
tivar harvested for fresh market by ma-
chine relies on its firmness and resistance
to bruising during harvest (Moggia et al.
2017). Postharvest storage and shelf life
are improved in firmer berries, espe-
cially for those harvested mechanically
(DeVetter et al. 2019; Sargent et al.
2021; Takeda et al. 2017). Fruit often
loses its firmness during storage, al-
though in some cultivars, fruit without
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damage at harvest can increase in firm-
ness during storage (Yang et al. 2008).
Because fruit firmness contributes to
fruit texture, which influences con-
sumer acceptance and eating experi-
ence (Blaker et al. 2014; Giongo et al.
2022), a goal of the blueberry industry
is to deliver consistently firmer berries
to grocery store shelves. Fruit firmness
can be affected by several factors in-
cluding genetics, harvesting method,
fruit temperature at harvest, sorting
and packing, and postharvest treatment
of fruit, including field heat removal,
storage duration, and temperature (Cap-
pai et al. 2018; DeVetter et al. 2022;
Ehlenfeldt 2005; NeSmith et al. 2000;
Prussia et al. 2006; Sater et al. 2021).
There are different ways of measur-
ing blueberry firmness, and many of
those techniques do not necessarily mea-
sure the same aspects of the fruit. Some
measure skin toughness, others internal
texture, and others are a measure of
compression. These measurements can
be taken by various instruments or by

human sensory perception. Although
subjective human measurements, such
as squeezing berries between the fingers,
or eating fruit, can give a cursory mea-
surement of firmness, accuracy is im-
proved through objective mechanical
testing. Most firmness tests are destruc-
tive and involve either compression or
penetration of fruit. Studies have com-
pared devices for measuring blueberry
firmness (Moggia et al. 2022), conclud-
ing that hand-held devices produce the
most variable firmness results.

In this study, we compared two
machines that use compression to ob-
tain a measure of firmness. The Firm-
Tech IT (Bioworks Inc., Wamego, KS,
USA) has been used as a standard in-
strument for measuring firmness of
blueberry through compression for
~ 30 years (Timm et al. 1996). This
machine uses a load cell to compress
berries and determines a force-de-
formation value as a measure of firm-
ness. Fruit size is obtained simulta-
neously with the fruit firmness
measurements for each fruit by using
a standardized size reference. The
FruitFirm 1000 (CVM Inc., Pleasan-
ton, CA, USA) is a newer machine
from 2017. It is quite similar in that it
also uses a load cell to determine a
force-deformation value as a measure
of firmness, and measures fruit size at
the same time. The FruitFirm 1000
has different software and electronics
and can connect directly to Wi-Fi or
cthernet or a USB thumb drive to re-
port and save data. The FirmTech II
unit is connected to a computer via a
data cable that connects to an internal
FirmTech data card. The software of
FirmTech II includes a configuration
file for users to set compression force
for blueberry. The file management
system allows firmness measurements
to be saved in predetermined folders.
The firmness data files generated from
both the FruitFirm 1000 and Firm-
Tech II are text files that need to be
manually manipulated in a data proc-
essing software for statistical analysis.
We have automated the text file ma-

Units

To convert U.S. to S, To convert Slto U.S.,
multiply by U.S. unit Sl unit multiply by

254 inch(es) mm 0.0394

1.1161 oz/inch gmm™! 0.8960
(CF-32)+18 °F °C (°C x 1.8) + 32
(°F + 1.8) + 255.37 °F K (K — 255.37) x 1.8
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nipulation process by developing a
macro program. The FirmTech II has
provided researchers and the blue-
berry and sweet cherry (Prunus
avium) industries with repeatable
fruit firmness measurements since its
development in the ecarly 1990s.
With this study, we wanted to exam-
ine whether the newer FruitFirm
1000 produced repeatable and com-
parable results to the FirmTech II,
as researchers and packers are begin-
ning to use this machine.

Methods

Fruit of two standard cultivars of
northern highbush blueberry, Liberty
and Legacy, as well as four advanced
selections of northern highbush blue-
berry from the US Department of Agri-
culture (USDA), Agricultural Research
Service and Oregon State University
cooperative  breeding program were
collected during the peak ripeness har-
vest window for each accession at the
North Willamette Research and Exten-
sion Center in Aurora, OR, USA (lat.
45°19'51.27"N, long. 122°44'55.89"W)
in Jul 2021. For the purposes of this
report, we use the names USDA 1,
USDA 2, USDA 3, and USDA 4. At
least 800 fruit of each accession were
collected by hand picking into clam-
shells (= 50 fruit per clamshell). A
total of 200 fruit (four clamshell repli-
cations of 50 fruit) were tested on
cach of the two machines, FirmTech
II and the FruitFirm 1000, for size
and firmness measurements within
48 h of harvest. The remaining fruit
was stored in clamshells placed in
cardboard boxes, the industry stan-
dard, at 1°C for 2 wecks. After
2 weeks in storage, 200 fruit (four
clamshell replications of 50 fruit each)
were again tested for size and firmness
on each of the two machines. To ver-
ity the accuracy of fruit size deter-
mined by both firmness machines,
‘Legacy’ fruit were purchased in lo-
cal supermarkets in Feb 2021, and
more than 200 berries were run with
each machine for firmness and size
measurements. The diameter of each
berry was hand measured by using a
digital caliper before running ma-
chine fruit firmness and size meas-
urements. The same person was
responsible for measuring fruit on
each machine.

STATISTICAL ANALYSIS. Data were
analyzed using statistical software (SAS
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Table 1. Effect of cold storage on fruit diameter of six different northern highbush
blueberry (Vaccinium coryml ) accessions measured by the FruitFirm 1000
(CVM Inc., Pleasanton, CA, USA) and FirmTech II (Bioworks Inc., Wamego, KS,
USA) firmness-testing machines at harvest (week 0) and 2 weeks postharvest.

Fruit diam (mm)’

USDA2 USDA3 USDA4 USDA1 ‘Legacy’ ‘Liberty’
FirmTech 1T 17.5 afl 17.8 a 18.4 a 16.1 a 14.5 a 17.0 a
FruitFirm 1000 159 b 16.9 b 17.6 b 144 b 142 b 15.1 b
Week 0 16.6 a 17.3 a 179 a 154 a 14.3 a 16.3 a
Week 2 16.8 a 174 a 17.7 a 14.2 b 14.5 a 159 b

"1 mm = 0.0394 inch.
" Mean followed with the same lower-case letters within each column for the main effect are not statistically
different at alpha < 0.05.

Table 2. Fruit diameter ranking of six northern highbush blueberry (Vaccininm
corymbosum) accessions measured by the FirmTech II (Bioworks Inc., Wamego, KS,
USA) and FruitFirm 1000 (CVM Inc., Pleasanton, CA, USA) firmness-testing
machines before and after 2 weeks in cold storage.

Fruit diam at week 0 (mm)

Fruit diam at week 2 (mm)

FruitFirm 1000

FirmTech II

FruitFirm 1000

FirmTech II

USDA 4 (17.7) a*
USDA 3 (16.9) b
USDA 2 (15.9) ¢
‘Liberty’ (15.3) d
USDA 1 (14.4) ¢
‘Legacy’ (14.1) f

USDA 4 (18.5) a
USDA 3 (17.8) b
USDA 2 (17.3) ¢
‘Liberty’ (17.2) ¢
USDA 1 (16.3)d

(

‘Legacy’ (14.5) e

USDA 4 (17.5) a
USDA 3 (169) b
USDA 2 (16.0) ¢
‘Liberty’ (14.9) d
USDA 1 (144) ¢
‘Legacy’ (14.4) e

USDA 4 (19.2) a

USDA 3 (17.8) b

USDA 2 (17.6) b

‘Liberty’ (16.8) ¢

USDA 1 (15.9) d
(

‘Legacy’ (14.5) ¢

"1 mm = 0.0394 inch.

i Mean ranking determined by Duncan’s multiple range test. Same lower-case letters within each column are
not statistically different at alpha < 0.05.

version 9.4; SAS Institute Inc., Cary,
NC, USA). Fruit firmness and size were
tested for normality using the PROC
UNIVARIATE before carrying out an

analysis of variance (ANOVA). PROC
GLM was used to perform multivariate
ANOVA for fruit firmness and size, and
PROC REG was used for regression
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Fig. 1. Fruit diameter relationships between FirmTech II (Bioworks Inc.,
Wamego, KS, USA) and FruitFirm 1000 (CVM Inc., Pleasanton, CA, USA)
firmness-testing machines for six northern highbush blueberry (Vaccinium
corymbosum) accessions after 2 weeks of cold storage. The linear equations for
harvest (week 0) and week 2 are y = 2.7 + 0.908x (R®> = 0.837) andy = 2.5 +
0.913x (R? = 0.767), respectively. Combined weeks 0 and 2 data with small fruit
(<12.7 mm diameter) removed; 1 mm = 0.0394 inch.
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Fig. 2. Linear relationship of ‘Legacy’ northern highbush blueberry ( Vaccinium corymbosum) fruit diameter measured by hand and
by two firmness-testing machines: FirmTech II (Bioworks Inc., Wamego, KS, USA) and FruitFirm 1000 (CVM Inc., Pleasanton,
CA, USA). For FirmTech II, the linear equation is y = 1.9 + 0.811x (R> = 0.903); for FruitFirm 1000, the linear equation is y =

1.2 + 0.893x (R> = 0.850); 1 mm = 0.0394 inch.
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Fig. 3. Contour fit plot for ‘Legacy’ northern highbush blueberry (Vaccinium
corymbosum) fruit diameter measured by hand and by FirmTech II (Bioworks Inc.,
Wamego, KS, USA) and FruitFirm 1000 (CVM Inc., Pleasanton, CA, USA) firmness-
testing machines. Fruit firmness as a covariate for fruit diameter was not statistically
significant for FirmTech IT (P> 0.107) and FruitFirm 1000 (P> 0.153); 1 gomm ™ =
0.8960 oz/inch, 1 mm = 0.0394 inch.

analysis between the two firmness ma-  Treatment means of fruit firmness and

chines. Analysis of covariance for fruit
firmness and size was used to compare
the slope of regression lines between
storage weeks for two machines.

size were compared by Tukey’s Studen-
tized range test. In case of treatment in-
teractions, LSMEANS were presented
with Bonferroni adjustments. Because

Table 3. Effect of cold storage on fruit firmness of six northern highbush blueberry
(Vaccinium corymb ) accessions measured by the FruitFirm 1000 (CVM Inc.,
Pleasanton, CA, USA) and FirmTech II (Bioworks Inc., Wamego, KS, USA)
firmness-testing machines at harvest (week 0) and 2 weeks postharvest [berries <
12.7-mm (0.5-inch) diameter removed from FruitFirm 1000 data set].

Fruit firmness (g-mm™')!

USDA 2 ‘Legacy’
FirmTech II 203.4 bt 276.6 a
FruitFirm 1000 2484 a 280.3 a
Week 0 228.7 a 255.7 b
Week 2 2232 a 289.0 a

"1 gmm™' = 0.8960 oz/inch.
" Mean followed with the same lower-case letters within each column for the main effect are not statistically
different at alpha < 0.05.
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the FirmTech II automatically discards
fruit smaller than 12.7 mm (0.5 inch) di-
ameter, but the FruitFirm 1000 does
not, we removed fruit smaller than 12.7
mm diameter that were measured on
the FruitFirm 1000. This resulted in 4%
of data being removed from the Fruit-
Firm 1000 data sets. Removing fruit
with less than 12.7 mm diameter in
Fruitfirm 1000 data sets did not change
the treatment main effects and interac-
tions in ANOVA. Fruit diameter mea-
sured by hand was used for regression
analysis against the fruit size determined
by both firmness machines. Contour
graph was used to depict the relation-
ships among hand-measured fruit diam-
eter, fruit size, and firmness determined
by the two firmness machines.

Results and discussion

Frurr size. We compared fruit
size measurements between the two
machines across weeks 0 and 2. The
average fruit size measurement of weeks
0 and 2 for each accession on the Fruit-
Firm 1000 machine was consistently
smaller than the measurements on the
FirmTech I [P < 0.05 (Table 1)].
Measurements were consistent for both
machines, suggesting that both are reli-
able for consistently measuring fruit
size. Only the accessions of USDA 1
and ‘Liberty’ had smaller size measure-
ments at 2 weeks postharvest on both
machines. This may be because for
these accessions, many berries squished
and split under the compression during
the week 2 measurement and may have
resulted in a slightly smaller size mea-
surement (Table 1). When we com-
pared the rankings of accessions for
fruit size measured at week 0 and week
2, we did not see change in rankings
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among USDA accessions across the
two machines (Table 2). This sug-
gests that the machines measured
fruit size consistently, even though
the size measurements by the Fruit-
Firm 1000 were consistently smaller
than the FirmTech II.

This consistency across machines
is also confirmed through the regres-
sion analysis. When fruit size relation-
ships were compared for the two
machines in week 0 and week 2, we
found that the slopes of the regression
lines for both weeks were not statisti-
cally different [ P > 0.935 (Fig. 1)].

The diameter of ‘Legacy’ fruit
determined by hand measurement
was 2% larger than the fruit size deter-
mined by the FruitFirm 1000 ma-
chine (P < 0.001), but 9% smaller
than the fruit size obtained by Firm-
Tech IT machine (P < 0.001). This
finding indicates the FruitFirm 1000
underestimated the true fruit size and
FirmTech II overestimated it, which
explained the consistently larger fruit
size measurement by the FirmTech II
over the FruitFirm 1000 machine.
The linear relationships between fruit
diameter and fruit size determined by
both firmness machines are strong
(Fig. 2), which can be used to adjust
for true fruit size measurements. The
linear relationship between fruit diam-
eter and size are further demonstrated
in Fig. 3 as horizontal contour lines
for both firmness machines, which
was unaffected by fruit firmness (no
aggregated color formation for a
given firmness value). Therefore, fruit
firmness was unaffected by fruit size,
meaning that smaller berries are not
necessarily firmer than larger berries.

Frurr rirRMNESs. Although we
might expect that fruit size is consistently
measured across weeks and be consistent
for both machines, we were most inter-
ested in how the two machines mea-
sured firmness. For two of the accessions
in Table 3, the FirmTech II-measured
USDA 2 fruit was slightly softer than
the FruitFirm 1000, whereas the firm-
ness of ‘Legacy’ was not significantly dif-
ferent between the two machines. We
observed no interactions across the 2
weeks of cold storage for both acces-
sions. Both machines found no signifi-
cant change in firmness between week 0
and week 2 for USDA 2. Both machines
found that ‘Legacy’ increased signifi-
cantly in firmness in week 2 compared
with week 0 (Table 3).

Horllechnology + February 2023 33(1)

Table 4. Interactive effects of cold storage on fruit firmness of six northern highbush
blueberry (Vaccinium corymbosum) accessions measured by the FruitFirm 1000
(CVM Inc., Pleasanton, CA, USA) and FirmTech IT (Bioworks Inc., Wamego, KS,
USA) firmness-testing machines at harvest (week 0) and 2 weeks postharvest.

Fruit firmness (g-mm ! )

USDA 3 USDA 4 USDA 1 ‘Liberty’
Week 0
FirmTech II 232.8 214.6 ¢ 1732 b 181.4 ab
FruitFirm 1000 265.2 b 2514 b 1944 a 186.8 a
Week 2
FirmTech 1T 255.0 b 214.1 ¢ 160.5 ¢ 153.4 ¢
FruitFirm 1000 3172 a 298.9 a 200.0 a 172.1 b

"1 gmm™' = 0.8960 oz/inch.
" Interactive means followed with the same lower-case letters within each column are not statistically different
at alpha < 0.05.

Table 5. Fruit firmness ranking of six northern highbush blueberry (Vaccininm
corymbosum) accessions measured by the FirmTech II (Bioworks Inc., Wamego,
KS, USA) and FruitFirm 1000 (CVM Inc., Pleasanton, CA, USA) firmness-
testing machines at harvest (week 0) and after 2 weeks cold storage.

Fruit firmness at week 0 ( g-mm_l)i

Fruit firmness at week 2 (grmm ™)

FirmTech II

FruitFirm 1000

FirmTech II

FruitFirm 1000

‘Legacy’ (257.2) a'
USDA 3 (232.8) b
USDA 4 (214.6) ¢
USDA 2 (206.7) ¢
‘Liberty’ (181.4) d

USDA 1 (173.2) d

USDA 3 (265.2) a
‘Legacy’ (254.4) b
USDA 4 (251.4) b
USDA 2 (249.5) b
USDA 1 (194.4) ¢
‘Liberty’ (186.8) ¢

‘Legacy’ (291.9) a
USDA 3 (255.0) b
USDA 4 (214.2) ¢
USDA 2 (200.2) d
USDA 1 (160.4) e
‘Liberty’ (153.4) ¢

USDA 3 (317.2) a
USDA 4 (298.9) b
‘Legacy’ (285.3) ¢
USDA 2 (245.6) d
USDA 1 (199.7) e
‘Liberty’ (172.1) f

11 gomm~! = 0.8960 oz/inch.
" Mean ranking determined by Duncan’s multiple range test. Same lower-case letters within each column are
not statistically different at alpha < 0.05.

For the other accessions, USDA
3, USDA 4, USDA 1, and ‘Liberty’,
we did see interactive effects of cold
storage on fruit firmness measured by

the FruitFirm 1000 and FirmTech IT
(Table 4). USDA 3 and USDA 4
were the firmest accessions measured
for both machines. Both ‘Liberty’ and

~ 350
= Week 0
5 Week 2
ee

50 300 °
172}
&
“é’ 250 g
3}
= °
& 200
= ()
)
3 150
E
= 100

100 150 200 250 300 350

FruitFirm 1000 fruit firmness (g-mm-")

Fig. 4. Relationship of fruit firmness among six northern highbush blueberry
(Vaccinium corymbosum) accessions measured on FirmTech IT (Bioworks Inc., Wamego,
KS, USA) and FruitFirm 1000 (CVM Inc., Pleasanton, CA, USA) firmness-testing
machines after 2 weeks in cold storage. The slopes of two regression lines are not
statistically different (P> 0.981). The linear equations for harvest (week 0) and week 2
arey = 27.0 + 0.787x (R® = 0.732) and y = 10.7 + 0.793x (R*> = 0.752), respectively.
Combined weeks 0 and 2 data with small fruit [<12.7-mm (0.5-inch) diameter]
removed; 1 gmm ™' = 0.8960 oz/inch.
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USDA 1 were significantly softer after
2 weeks. USDA 3 was significantly fir-
mer after 2 weeks on both machines
and USDA 4 was significantly firmer
on the FruitFirm 1000 but not on the
FirmTech II.

When we compared the rankings
of accessions for fruit firmness for
each machine measured at week 0 and
week 2, we generally saw similar
trends, although we did see some
changes in rankings between the two
machines (Table 5). In week O,
‘Legacy’ was measured as the firmest
accession on the FirmTech II and was
significantly firmer than USDA 3,
whereas USDA 3 was the firmest ac-
cession measured on the FruitFirm
1000 and was significantly firmer than
‘Legacy’. Other rankings at week 0 re-
mained the same across the machines.
At week 2, ‘Legacy’ was again the
firmest accession measured on the
FirmTech II ahead of USDA 3 and
then USDA 4 but was the third firm-
est accession measured on the Fruit-
Firm 1000, behind USDA 3 and
USDA 4. The three least firm acces-
sions did not change rank between
the machines at week 2. Although
there were some changes in rank for
the firmest accessions across the two
machines, in general, the same acces-
sions were measured as firmest com-
pared with the less firm accessions.

This consistency is also mirrored
in the regression analysis. The regres-
sion analysis suggests that the two ma-
chines measured firmness similarly at
both week 0 and week 2 (Fig. 4). The
slopes of the two regression lines are
not statistically significant (P >
0.981). Week 2 measurements were
consistently less firm across all acces-
sions compared with firmness mea-
sured in week 0.

Conclusions

In conclusion, this study suggests
that although there might be slight
differences in fruit firmness and size
measurements between the two ma-
chines, measurements are generally
consistent across the machines. These
analyses suggest that, in general, we
could use one machine to predict the
measurements taken on the other
machine, as they both give similar es-
timates of firmness. If fruit size

102

is determined by using firmness
machines, the true blueberry size will
need to be adjusted slightly because
the FirmTech II slightly overestimates
fruit size and the FruitFirm 1000
slightly underestimates fruit size. In
conclusion, one could use measure-
ments for fruit firmness and size taken
on a FruitFirm 1000 and compare
them with the FirmTech II measure-
ments. This is an important contribu-
tion, as many researchers and packers
look to purchase new machines for
testing firmness.
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