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Abstract

Physical damage to fruits and vegetables caused by shock degrades the value of product in the fresh market. In order to
design a product/packaging system to protect the product, the G-factor to the product that causes shock damage needs to
be determined. The shock fragility of organisms such as fruits with a concept correspondent to the G-factor of industrial
products was calculated and we defined the allowable bio-shock fragility index as the value divided peak acceleration that
was generated in safe drop height by standard acceleration of gravity. We did modeling for safe drop hight that would prevent
fruits from damage by drop tests and tried to estimate the allowable bio-shock fragility index of pears and apples for optimum
packaging design. The bio-shock fragility index of pears was in the range of 0.74~2.29 G, while apples had a slightly higher
value than that of pears, of 0.51~2.98 G. This result shows accordance with the general fact that apples have a firmer
structure and get less damage from the same impact. Based on this result, it is possible to create an optimum packaging

design by providing a damage standard by impact.
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Fig. 1 Schematic diagram of the free drop tester.
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Table 1 Harvesting date and physical characteristics of the fruits used in vibration tests.

Cultivar Date of harvest Volume (104 m ) Mass (kg) True density (kg/mS)
Pear (Niitaka) 2005. 10 6.722 0.66 978.26
Apple (Fuji) 2005. 10 3.619 0.30 830.75
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Fig. 2 Impact force-time curve of the fruits.
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Table 2 Coefficients of multiple regression model for the peak acceleration of the pear.

Variables am=a+bxDH+c xDH +dxDH’ +ex MA+fxMA* +g x MA*+h xMA* Coefficient of multziple
Coefficients Standard error t-ratio Prob (1) determination (R°)
a -10.3680 9.0892 -1.1406 0.28058
b 12.8005 11.2110 1.1417 0.28015
c 16.4719 114.0288 0.1444 0.88801
d -149.1842 329.5512 -0.4526 0.66044 0.9998
e 85.4255 69.7225 1.2252 0.24857
f -250.5536 193.8672 -1.2923 0.22528
g 335.4493 238.4736 1.4066 0.18984
h -167.4764 111.5187 -1.5017 0.16405

* Note: a, = peak acceleration (G), DH = drop height (m), M4 = mass of Pear (kg), a~h = constants

Table 3 Coefficients of multiple regression model for the peak acceleration of the apple.

Variables aw=a+bxDH+cxDH +dxDH +ex MA+fx MA* +gx MA* +hx MA® Coefficient of multziple
Coefficients Standard error t-ratio Prob (t) determination (R)
a 196.0757 103.4196 1.8959 0.06733
b 7.5355 4.2089 1.7903 0.08317
c -45.0258 56.0864 -0.8027 0.42821
d 296.0075 194.3447 1.5231 0.13787
0.9992
e -2373.1398 1051.7276 -2.2564 0.03124
f 10289.8836 3992.9121 2.5770 0.01495
g -19112.6037 6715.4227 -2.8460 0.00778
h 12978.5206 4223.5924 3.0728 0.00439

* Note: a, = peak acceleration (G), DH = drop height (m), M4 =

Peak acceleration, G

mass of apple (kg), a~h = constants

(b) Apple
Fig. 3 Response surface of the peak acceleration of the fruits as a function of mass and drop height.

Peak Acceleration, G
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Table 4 Estimated allowable drop height based on the bioyield strength of the pear.
E, E; E;
Op1, W1 Op2, U2 Op3, U3 Opl1, W Op2, W2 Op3, U3 Op1, Wt Op2, W2 Op3, U3
my, teg, Ry 23.14 24,52 22.71 16.78 18.01 16.76 12.59 13.54 12.68
(n}ll:n) ma, 2, Ry 35.09 37.69 3542 25.98 2791 26.18 20.04 20.96 19.78
m3, tes, Rs 52.79 56.80 53.28 38.97 41.95 39.61 30.02 31.84 29.91

Note: E;=1138.631 (kPa), E;=1240.693 (kPa), E;=1342.754 (kPa), 0,1 = 181.542 (kPa), 0,2 =191.649 (kPa), 0,3 =201.756 (kPa)
=025, u2=0.35, 13=0.45, m;=0.325 (kg), m>=0.499 (kg), m;=0.672 (kg), t:1 =6.980 (ms), f>="7.725 (ms),
13 =8.470 (ms), R;=5.033(10" m), R;=5.423(10° m), R;=5.812(107 m)

Table 5 Estimated allowable drop height based on the bioyield strength of the apple.

E; E; Es
Op1, K1 Op2, M2 Op3, U3 Op1, W1 Op2, W2 Op3, U3 Op1, W1 Op2, M2 Op3, U3
my, L, Ri 56.40 52.13 45.93 51.00 47.14 41.53 42.98 39.73 34.99
(xr}::n) ma, te2, R2 69.56 64.29 56.64 62.90 58.14 51.22 53.00 48.99 43.16
ms, L3, R3 81.12 74.99 66.06 73.36 67.81 59.73 61.82 57.14 50.34
Note: E;=1960.162 (kPa), F>=2010.141 (kPa), E3=2098.025 (kPa), 0,1 =312.73 (kPa), 0, =322.73 (kPa), 0,35=336.61 (kPa)
=0.25, p2=0.35, us =045, m;=0.323 (kg), m>=0.361 (kg), m;=0.458 (kg), 1 =4.701 (ms), 72=75.260 (ms),
t3=16.158 (ms), R1=2.078(10’2 m), R2=2.514(10'2 m), R3=3.409(10'2 m)
Table 6  Allowable bio-shock fragility index estimated on the basis of bioyield strength of the pear.
E1 Eg E3
Op1, Wi Op2, U2 Op3, M3 Op1, Ha Opz, W2 Op3, M3 Op1, M1 Op2, M2 Op3, M3
my, t, R; 0.8806 0.8989 0.8748 0.7961 0.8124 0.7958 0.7408 0.7533 0.7424
Lyr m2, to, R, 1.6305 1.6653 1.6349 1.5085 1.5343 1.5112 1.4294 1.4416 1.4259
m3, t:3, Rs 2.2354 2.2886 2.2419 2.0507 2.0906 2.0593 1.9308 1.9551 1.9293

Note: E/ =1138.631 (kPa), E>=1240.693 (kPa), E;=1342.754 (kPa), 0,1 = 181.542 (kPa), 0,2 =191.649 (kPa), 0,3 =201.756 (kPa)
=025, u2=0.35, u3=0.45, m; 0.325 (kg), mg—0499 (kg), m3—0672 (kg), #1=6.980 (ms), 7.2=7.725 (ms),
13 =8.470 (ms), R1=5.033(10 m), Rz—5.423(10 m), R3—5.812(10 m), Iyy=allowable bio-shock fragility index (G)
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Table 7 Allowable bio-shock fragility index estimated on the basis of bioyield strength of the apple.

E,

E; E3

Op1, M1 Op2, M2 Op3, U3 Op1, M1

Op2, K2 Op3, U3 Opt, Wi Op2, U2 Op3, U3

my, t1, Ry 0.6234 0.6009 0.5683 0.5949

0.5746 0.5449 0.5527 0.5354 0.5097

Iy my, fe2, R> 2.0184 1.9895 1.9486 1.9819

1.9565 1.9200 1.9294 1.9084 1.8776

ms, fc3, Rz 2.9805 2.9443 2.8942 2.9349

2.9038 2.8601 2.8712 2.8463 2.8105

Note: E;=1960.162 (kPa), E,=2010.141 (kPa), E;=2098.025 (kPa), 0,1 =312.73 (kPa), 0,,=322.73 (kPa), 0,5 =336.61 (kPa)
W=025, u =035, 113=0.45, m;=0323 (kg), m>=0361 (kg), ms=0.458 (kg), t.1 =4.701 (ms), £2=5.260 (ms),
t3=6.158 (ms), R;=2.078(10° m), R,;=2.514(107 m), Rs=3.409(107 m), I,;=allowable bio-shock fragility index (G)
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