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Abstract: Comprehensive evaluation of dynamic impact (free fall) of potato tubers were conducted to ascertain relation of
drop height, impact surface, water irrigation also the size of tubers on impact parameters such as (bruise area, impact energy,
absorbed energy, coefficient of restitution and dynamic stiffness factor). In addition, five different impact surfaces were used
namely (cardboard, wood, steel, plastic and foam) on the platform of the equipment. Potato tubers under different water
irrigation (fresh water and treated water) were divided into two mass groups (90 -180 g), M, and (1- 90 g), M,. Tubers dropped
from four heights (40, 30, 20, 10 cm) onto the different surfaces and the different impact parameters were measured. Results
showed impact damage measured in terms of bruise diameter is highly influenced by the impact surfaces. Steel surface
inflicted the greatest impact damage on the tubers. Impact energy of tuber is greatly influenced by drop height and mass of
tuber. Tuber, which dropped from heights (40 cm), absorbed the greatest energy indicating that they suffered the most impact
damage. Dynamic stiffness factor for tuber was decreased by increasing storage period. Tuber with low dynamic stiffness
factor led to more absorbed energy than tuber with higher dynamic stiffness factor. Moreover, designers of potato harvesters,
packaging materials, processing plants and handlers of potato tubers to reduce mechanical damage, especially those due to
impact and ensure good quality products, can use results obtained.
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impact of machines on material, which usually leads to
greater damage being caused to crops. The rational use of
machines for harvest and post-harvest handling may take
place by appropriate selection and by steering the operating
parameters, and by selecting the best time for performing the
technological process in two ways

Potato tubers are collected with the use of harvesters only
for processing purposes. Collection for consumption

China. This country produces nearly 60 million tons of the  PUrPOSes until takes place by hand. That does not mean that

total world production, followed by Russian, India and USA with this technology the fruit does not come in direct contact
(FAO, 2009). with mechanical elements. During collection, various types

of devices are used in order to facilitate manual collection
and increase output (conveyors, elevators). In recent times,
the wuse of autonomous robots for collecting tuber
considerably decreases load impact, which is the reason why
tuber is damaged. Further development of these robots will
undoubtedly help reduce the damage caused to tuber,
particularly if collected for direct consumption purposes.
Yadav S., 2014, reviewed that during harvest, transport
and storage operations potato tuber are exposed to impact

1. Introduction

The potato (Solanumtuberosum L.) is the most important
food crop in the world after wheat, rice and maize. Over one
billion people consume worldwide and potatoes are part of
the diet of half a billion people in the developing counties.
Potato is produced on about 310 million tons in the world
every year. The largest potato producer of the world is the

Each technological system of harvest and post-harvest
handling requires the use of machines whose operating
elements bring about plant material load, thus permitting the
product to be satisfactory both in terms of quantity and in
terms of quality (Figure 1). On the one hand, mechanical
impact is required in order to permit the machine to function
according to its purpose, but on the other hand, this often
causes undesired effects (loss). The desire to increase
machine output is connected with the ever more aggressive
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damage, which ranges from internal black spot brushing,
which reduce to quality and increase loss. At the time of
different operations of handling potato, the potato moves in
random directions and strikes on side walls, rods of conveyor
or impact one potato to another potato and causing both
internal bruising and external damage. In order to minimize
mechanical damage during handling the stress must be kept
under certain value. Therefore, it is necessary to measure the
resonance frequency, modulus of elasticity and damping
factor. It will help in designing the potato handling
equipment and loading the potato during transportation and
reducing the internal and external damage of potato.

Mechanical damage is the major cause of postharvest
losses in fruits and vegetables (FAO. 1989) especially in
undeveloped countries and considerable research efforts are
required in this relation. Mechanical damage occurs in the
postharvest handling system primarily in two ways: impact
forces and compressive forces. Excessive impact occurs
during harvesting, grading, handling and transportation
(Shafiur Rahman, M., 1999).

The major cause of losses in fruits and vegetables are
mechanical damage (bruising) due to impact. This impact
could result from either vibration or sudden drop of the
produce from certain heights. Over the years, several studies
were carried out to assess the mechanical properties and
susceptibility to bruising of fruits and vegetables (Holt and
Schoorl 1985; Olorunda and Tung 1985; Jones ef al. 1991;
Roudot, ef al. 1991; Singh and Singh 1992; Hyde et al. 1993;
Ogut, et al.1999; Vursavus and Ozguven 2004; Berardinelli

et al. 2005). Impact sensitivity of fruits and vegetables was
defined as having components namely bruise threshold and
bruise resistance (Bajema and Hyde 1998). Bruising in fruits
and vegetables occurs when the produce rubs against each
other, packaging containers, parts of processing equipment
and the tree (Altisent 1991).

Fruit and/or tuber bruising is one of the most important
factors limiting mechanization and automation in harvesting,
sorting and transport of soft fruits and vegetables, including
potatoes. Dark spots appearing near the product surface are
due to previous forceful mechanical contacts of the products
with other bodies. Bruise extent is usually described in terms
of bruise volume (Blahovec et al. 2004), which is closely
related to product quality. The bruises belong to the whole
scale of potato mechanical damage leading to yield losses
expressed in tens of percent (Baritelle et al. 1999).

Mechanical impact on potato tubers during harvest and
subsequent handling not only causes external damage such as
cracking and scuffing of the skin (Hughes, 1980), but can also
result in a bluish-grey to black internal discoloration of the
tuber tissue. This so-called black spot bruising is hardly visible
from the outside as it is located about 2mmbeneath the surface
of the tuber in the region of the vascular ring. Black spot
bruising typically occurs within 1-3 d after mechanical impact
(Burton, 1989; Molema, 1999) and is considered a significant
impediment for the utilization of tuber harvests throughout the
world as it severely influences consumer acceptance (Peters,
1996).
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Fig. 1. Machine plant material system relations.

In order to evaluate the contact-impact forces resulting

from collisions in handling and transportation efficiently,
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special attention must be paid to the physical and mechanical
properties of biomaterial product. Information on the impact
velocity, material properties of the colliding bodies and
geometric characteristics of the contact surface must be
included in the dynamic behavior. Within the recent years of
fruit impact damage researches, different test equipment was
developed to assess the dynamic stresses in fruits. Among the
dynamic apparatuses, there are two main types of design:
drop and pendulum design. Currently, experimental methods
such as pendulum experiments are used to study the impact
behavior of fruit and to determine the contact parameters to
be used with the DEM models (Pang et al., 1992; Bajema and
Hyde, 1998; Van Zeebroeck et al.,, 2003; Ahmadi et al.,
2012). Because of the precise stiffness and lack of fruit
damping determination (viscoelastic material), dynamic
analysis research of biomaterial is rare.

Numerous methods have been applied to investigate fruit
behaviour during impact. These have used drop tests
(Brusewitz, 1994; Yuwana and Duprat, 1998; Ragni and
Berardinelli, 2001; Lewis et al., 2007), and pendulum tests,
which enable a better control of impact course (Puchalski and
Brusewitz, 2000; Bollen et al., 2001; Yen and Wan, 2003;
Ahmadi et al., 2010; Esehaghbeygi, 2010). Other techniques
involve fruit impact against a small steel sphere with a
specific mass and a curvature radius (Jaren and Garcia-Pardo,
2002), or a flat impactor of a given mass (Aviara et al.,
2007).

Several stiffness coefficients are used to estimate the
firmness of fruits. Among them, the most used for round
shaped fruits is the stiffness coefficient proposed by (Abbott
et al, 1968) and (Cooke and Rand, 1973): S = f* xm” * where
f is the resonance frequency also called dominant frequency
(corresponding to the greatest amplitude in the spectra) and
m is the mass of the product.

Acoustic measurements have also allowed to identify
external defaults in eggs (Cho, H, et al, 2000) pistachio nuts
(Pearson, T. et al, 2001) and internal defaults in pears
(Schrevens, E. et al, 1996), watermelons (Armstrong, P. et al,
1997), (Diezma-Iglesias, B. et al, 2004) and potatoes
(Elbatawi, I., 2008).The use of acoustic impulse response is
increasing asa valuable tool to evaluate changes during
harvest and postharvest (De Belie., et al, 2000), (Herppich,
W. et al, 2003), (Shmulevich, I. et al, 2003). Therefore, study
the effect of impact surfaces and drop heights on bruise area,
impact energy, absorbed energy, rebound energy, coefficient
of restitution and acoustic stiffness factor must be
investigated with the view to generate basic data/information
that can be used in designing and management of handling
and transport devices that will minimize mechanical damage
of potato tubers.

2. Material and Methods

Fresh potato tubers (Dimont vf) with two types of
irrigation water: the first is plain water (fresh) used to irrigate
inside station training and other water drainage (processor) is
supplied from outside the station's headquarters (according to

the specifications approved by the Ministry of Agriculture)
were obtained from a farm in station training and agricultural
research and veterinary, King Faisal University. The samples
were divided into two mass groups, (M;: 90 -180 g) and (M,:
1- 90 g). An impact testing equipment, which used to drop
the tubers from heights on to the impact surfaces placed on
the impact platform of the equipment. In addition, five
different impact surfaces (cardboard-A; wood-B; steel-C;
plastic-D and foam-E) were used. Five samples from each of
the mass groups were dropped on to each of the different
surfaces placed on the platform of the equipment from four
different heights: H;-40 cm; H,-30 cm; H3-20 cm and Hy-10
cm. In order to ascertain the correct dimensions of the
impacted area. The impacted tubers were coded and stored
for 48 hours and the dimensions (diameters and depths) of
the bruised areas were measured.

2.1. Dynamic Tests

Machine—plant interaction that takes place during the post-
harvest collection and handling process is primarily of an
impact nature. Concerning the physical description of
interaction that occurs in such situations, it is necessary to
take into account the mechanics of impact and its implication
to plant materials (Mohsenin, 1986).

In order to indicate the presence of forces during impact it
is necessary to consider the mechanical properties of both the
impacting object and the object being impacted. A typical
characteristic of impact is the occurrence of so-called
instantaneous forces, which act very briefly (Al — 0)and
attain high values in comparison to other forces that occur.

The measure for instantaneous forces is the impact pulse:

1o+t
S= j P(t)dt

lo

where S — impact pulse, t, — moment of occurrence of the
instantaneous force Af — time of operation of the
instantaneous force P (t) — instantaneous force.

The course of impact may be divided into two phases:
compression and restitution (Gilardi and Sharf, 2002). The
first phase, which involves a sudden increase in force, starts
as soon as the bodies encounter each other at t, point and end
at t,, point when distortion attains maximum value (Figure
2a). The relative velocity of both bodies is then equal to zero.
In the second phase instantaneous force decreases. The shape
of the P (t) curve depends on:

* The elastic—plastic properties and dimensions of the

impacting bodies

* Body surface shape (particularly at the point of contact)

¢ The direction of the velocity vector

* Impact energy value

* Freedom of distortion

For plant materials, this curve is determined empirically.
S; and S,, impact pulse values, respectively in phases one
and two of impact, serve the purpose of determining the
restitution coefficient (e):
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It defines the proportion between elastic and plastic
distortion. If e = 1 we have to do with ideally elastic impact;
however for e = 0 impact is ideally plastic. For true plant
materials “e” belongs to the (0; 1) range and to a very large
degree depends on the moisture content of the material (the
lower the moisture content the greater the restitution
coefficient). It is determined when a body affects a
motionless obstacle (Figure 2b). In such cases, normal
velocity is defined: initial v, and final vg,, while the
restitution coefficient is calculated as the ratio of both
velocities.

Total distortion e that takes place during impact is the sum
of elastic distortion is and plastic distortion ep. The
magnitude of these distortions depends on anatomical and
morphological structure and the physical properties of plant
material. The anisotropicity of these types of materials
hinders any clear definition of mechanical and endurance
parameters, which are very strongly correlated with moisture,
which has a decisive influence on elastic and plastic
properties (and therefore on the type of distortion). Plant
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materials with large water content are dominated by plastic
traits, while dry material contains elastic or brittle
characteristics. This is reflected in the effects of impact.
Concerning materials with large water content, the energy of
elastic distortions constitutes only a small part of overall
distortion energy. During harvest and post-harvest handling,
one may distinguish the following types of load (Figure 1):

- Hard — these are manifest when the initial value of Ej,
impact kinetic energy is dissipated by the impacting body fig.
5, (e.g., the fall of an apple, tomato, potato, or melon onto the
hard surface of a crate leads only to the distortion of the
impacting fruit).

- Soft — this is the kind of impact in which distortion of the
impacted body is considerably greater than distortion of the
impacting body fig. 5, (e.g., the impact of a beater against
threshed material leads only to the distortion of the impacted
plant mass).

- Intermediate — this is the simultaneous distortion of the
impacting body and of the impacted body (e.g., the fall of a
single piece of fruit onto a pile of fruit kept in a container
leads to all of the impacted bodies being distorted).

Fig. 2. Body impact against a motionless obstade (a) change of instantaneous force; (b) type of impacts.
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Fig. 3. Development of black spot bruising in tuber.

Fig. 4. Black spot on potato tuber.



European Journal of Biophysics 2015; 3(6): 59-68 63

Plastic Surface

g

Foam Surface

A B

Wood Surface

D

Steel Surface

E

Fig. 5. Relation between potato tuber and surface at moment of sudden impact, (4) plastic, (B) foam, (C) cardboard, (D) wood, (E) steel surface.
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They differed in size, shape and mechanical properties
from those tested in the fall under static loading will affect
the impact characteristics to that from drop height, one of
these two parameters must be known or estimated. By
mathematical dependency, the known or estimated parameter
can be derived from one of the following: impact velocity,
rebound velocity, velocity ratio (coefficient of restitution),
drop height and rebound height. The impact loads were
expressed in terms of total energy, energy absorbed, rebound
energy and impact energy. For user convenience, maximum
and minimum values for each of these parameters are
displayed for each impact. Once any one of the above
parameter was estimated. These properties may all be
displayed simultaneously. These were defined by,

* Eimp = W hg,, = total energy or energy of impact,

(N.m=1J)
* EBaps = W (hgrop — hiep) = energy absorbed by the sample,
(N.m=1J)

W = Weight of potato tubers, kg

hgrop = the height of drop, m

hep = the height of rebound, m

Following impact, all samples were left at a temperature of
20 ¢® for 10 days there are both chemical and physical
aspects of impact damage in fruits and vegetables. Bruising
in potato is the result of mechanical impact damage sufficient
to cause mixing of a substrate and an enzyme (tyrosine and
polyphenol oxidase) to form the black discoloration, melanin
figs (2, 3). However, the discoloration may not occur if the
substrate and/or the enzyme are not present in sufficient
quantities, (Mathew and Hyde 1997).

The acoustical stiffness of tuber was calculated based on
acoustical response method (Praeger et al, 2009) Fig
(6).Tubers were failed fall from different height (10, 20, 30,
40 cm). A microphone was fixed on a support at a few
millimeters off the tuber and was directed upward. The
resulting sound was recorded with a microphone connect to a
computer. Measurements were repeated 5 times at each
position. The mean frequencies at the first local maximum (f)
of the frequency spectrum obtained after a Fast Fourier
Transform (FFT) was performed and consequently, and the
respective tuber fresh mass was determined. The acoustical
stiffness factor was calculated as:

S = f2m?/3
2.2. Data Analyses

All properties were measured at least in five replications,
unless stated otherwise. Maximum, minimum, range, mean,
standard deviation, regression equations and coefficient of
determination were obtained by spreadsheet software
program namely Microsoft Excel, 2007).

3. Results and Discussion

3.1. Bruise Area

Fig.7, showed effect of impact surface, irrigation water and
tuber size on the area of bruise tubers. In general, the
parameter, which used in determining impact damage in
tubers, is the bruise diameter. Average bruise diameters were
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obtained between 15 mm and 35 mm from which the bruise
areas were computed. Earlier studies graded degree of impact
damage in relation to average bruise diameter as follows
(Vurasvus and Ozguven, 2004).
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Fig. 7. Effects of impact surfaces, water types and mass tuber on the bruise
area of tuber.
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Fig. 8. Relation between impact heights, water types and type of surface on
the bruise area of tuber.

Evidently, from results that showed, samples, which
dropped onto the surface steel, wood and plastic, respectively
suffered severe damages. Hence, steel surface assuredly
inflicted the greatest impact damage on the potato tubers,
which dropped onto it comparing other surfaces followed by
wood surface, these surfaces generally rougher and harder
than others do. Conversely, the foam surface inflicted the
least impact damage.

An equally significant aspect of tubers that irrigated by
fresh water and bigger tubers are more susceptible to impact

damage than the small and tubers that irrigated by processor
water. These results agree with other studies which conducted
by Altisent (1991), which revealed that severity of impact
damage to tubers is primarily related to the type impact
surface and size of tuber in addition to the physical properties
of the tubers. Since the foam surface inflicted the least
impact damage, it can be inferred from the study that in
considering materials that can be used as cushioning
materials in packaging potato tubers.

At the same time, relation between impact height, water
type and impact surfaces on the bruise area showed in Fig. 8.
Tubers which dropped from height H; (40 cm) on the steel
surface suffered the greatest impact damage, followed this
which dropped onto wood surface closely. It has been noted
that damage inflicted on tubers is related to energy available
for bruising and the characteristics of the products.

3.2. Impact Energy

Another significant factor which affected by drop heights,
water type and impact surfaces were the impact energy
available for bruising. Its relations between them showed in
Fig. 9, accordingly, tubers that dropped from height H, (40
cm) absorbed the greatest energy. These results agree with
other studies which conducted by, Hyde ef al. 1993, revealed
that by increasing drop height, type of tuber damage changed
from black-spot to a combination of shatter bruise and tissue
cracking.

Likewise, another significant factor which affected by drop
heights, mass tuber and impact surfaces were absorbed
energy. Fig. 10. Accordingly, tubers which dropped from
height H; (40 cm) absorbed the greatest energy, and the
bigger tuber (M;) generally absorbed more energy than the
smaller ones (M,). Energy absorbed by tubers greatly
determines the quality of the tubers during handling and
storage process because the bruising of the tissues, which
results from such impact, enhance subsequent deterioration
of the tubers. Hence, if quality is to be ensured, this impact
resulting in such damage must be minimized.
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Fig. 9. Relation between impact height and impact surfaces on the impact
energy of potato tubers.
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Our data in fig.10, Showed that foam surfaces were the
most efficient in alleviating impact intensity during handling.
This phenomenon could be due to the texture of foam
surfaces, which had more elasticity and springiness than
another surfaces. Therefore, the foam surfaces were able to
improve the quality and safety of potato tubers after harvest
and postharvest process.

3.3. Coefficient of Restitution (e)

The relation between impact heights, water type and
impact surfaces on the coefficient of restitution were showed
in fig. 11. As a consequence, the tubers which dropped from
height H; (40 cm) recorded the highest coefficient of
restitution value than other impact heights. AS data showed
that foam surfaces were the most efficient in alleviating
impact intensity during handling which recorded the lowest
values of coefficient of restitution than another surfaces fig
(11). This phenomenon could be due to the texture of foam
surfaces, which had more elasticity and springiness than
another surfaces. So the foam surfaces were able to absorb
some of impact energy than another surfaces, which help to

decrease the coefficient of restitution and that reflect on the
quality and safety of potato tubers after harvest and
postharvest process. However, the effects of water type on
the coefficient of restitution can be seen from fig. 11, which
showed that no difference found for water type on the
coefficient of restitution of tubers.

The relation between coefficient of restitution and storage
time was showed in Fig. (13), which showed increasing the
values of coefficient of restitution with increasing storage
time of potato tubers.

3.4. Dynamic Stiffness Factor (s)

The dynamic stiffness factor decreased with storage time
in tubers for different of both type of water (fresh, treated)
(Fig. 12). Although fresh water and steel surface were
significantly stiffer, they had higher values of stiffness factor
than those of treated water and other surfaces they tended to
be slightly more elastic during the rest of the experiment.
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Fig. 12. Effect of storage time (week), impact surface and water type on the
dynamic stiffness factor of potato tubers.

Stiffness however, is a rather complex texture trait, which
differs with storage periods. It is mainly a mechanical
stiffness measurement of the fruit tissue that depends on the
cell wall turgidity and cell wall mechanical strength (Hertog
et al., 2004). Both reduce during storage process by moisture
loss and by enzymatic alterations of cell wall. Since the
dynamic stiffness factor is positively and directly associated
to the modulus of elasticity (Duprat et al., 1997; Van
Zeebroeck et al.,, 2007). Baritelle and Hyde (2001)
demonstrated that stiffness of tissue decreases with the
decrease of turgor and in apple and potato diminished
stiffness results in the raise of failure strain, as well as
increasing tissue strength. Hence, tissues that are both
stronger and less stiff enhance bruise threshold.

The relation between dynamic stiffness factor and storage
time was showed in Fig. (13), which showed decreasing the
values of dynamic stiffness factor with increasing storage
time of potato tubers. On the other hand, reducing relative
turgor (i.e., during storage) can decrease tissue modulus of
elasticity (stiffness) which in turn becomes a specimen more
self-cushioning, by redistributing an applied force over a
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larger area of the tuber’s surface.
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Fig. 13. Effect of storage time (W) on dynamic stiffness factor (Hz’kg”®) and
coefficient of restitution for tubers during dynamic impact test.

The variations in mechanical properties of tuber might be
highly tissue-specific. Starch might be an important factor
influencing mechanical properties of tubers (Van Dijk et al.,
2002). Starch is particularly localized in the outer zone of
tubers (Schick and Klinkowski, 1961). Hence, the decrease in
the dynamic stiffness factor might be at least partially due to
the degradation of starch and its conversion into soluble
sugars in storage stage (Nourain et al., 2003; Gottschalk and
Ezekiel, 2006).

It is also probable that the cortex tissue below the
periderm, which has been directly compressed during the
measurements, had lower water content towards the end of
storage period.

4. Conclusion

The obtained data showed that the effect of impact height
and surface on degree of tuber mechanical damage is
essential to the steady gripping strategy of harvesting and
postharvest processes. The practice of throwing the fresh
potato tubers package from very high point is not healthy for
this produce as this can inflict higher impact damage.
Accordingly, this study has been conducted to display the
fact, that increasing impact energy decreasing shelf life.
Increasing impact energy applied to product, as a reason of
destroying effect and mechanical damage to cell walls, cause
to a loss of quality through texture softening, following by
decreasing texture firmness of potato. Additionally, the data
can be of great help for designers of end-effector and
processing equipment in minimizing the mechanical damage
resulting from mechanical collision and providing products
with high quality for consumers and processors.
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