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Abstract 
The most important quality indicator for fruits is the flesh firmness which is highly correlated to the 

Young’s modulus. In this paper, the Young’s modulus of a Conference Pear is determined using the 

results of an experimental modal analysis. A system identification technique in the frequency domain 

is used to obtain experimentally the eigenfrequency and the damping ratio of the bending mode, the 

compression mode and the oblate-prolate mode of a Conference Pear. An image processing technique 

is used to construct a finite element model of the pear. By updating the eigenfrequencies of this finite 

element model, the Young’s modulus of the pear can be estimated. By repeating this procedure during 

the storage of the pear, one can monitor the quality of the fruit during time and evaluate different 

storage techniques. 

1. Introduction 

The delivery of high graded agricultural food 

products is very important for the fruit indus- 

try in a competitive world market. In order to 

meet the evermore conscious consumers it is nec- 

essary to develop an integrated control system to 

monitor the quality of fruits from the farm to 

the consumer. The quality of fruits can be deter- 

mined by their external and internal characteris- 
tics. The most important external characteristics 

are the size, shape, smell, appearance and prod- 
uct presentation while the most important inter- 

nal characteristics are the taste and the texture. 

In this introduction, an overview is given of 

destructive and non-destructive tests, which have 

been developed during the last decades to quan- 

tify the firmness of spherical fruit. Secondly, an 

overview is given of the research work carried out 

to extend these methods to non-sperical fruit as 

pears are. Finally, the methods recently devel- 

oped in other fields such as electronics and me- 

chanics are introduced to create a monitoring sys- 
tem for the storage of Conference pears. 

The flesh firmness [1,2,3] is a texture attribute 

and one of the major quality indicators for fruits. 

The most important destructive technique for 

measuring the firmness is the Magness-Taylor 

penetrometer test. This method, which is defined 

in terms of resistance to penetration, is however 

destructive and cannot be used for on-line control 

of fruit quality. Alternatively, techniques have 

been developed for determining the firmness of 

fruits based on the measurement of mechanical 

resonance within the whole intact fruit or within a 

cylindrical specimen. These techniques are based 

on simple concepts of structural dynamics. Fi- 

nally, appropriate modern techniques can be used 
based on physical aspects of the problem. Such 

techniques may also be extended to other agricul- 



tural products. 

In general, the mechanical resonance tech- 

nique consists of applying an impact, which may 

be a periodic random or a random force at one 

point of the sample and to record the frequency 

response function (FRF) at another point of the 

sample. Finally, a “Stiffness Factor” or a “Firm- 

ness Index” is determined as fi m2/s [4,5] where f2 

is the lowest torsional or spherical eigenfrequency 

and m is the mass of the fruit. In terms of struc- 

tural dynamics one considers the fruit as a ho- 

mogeneous sphere with the same density of the 

fruit. 

The “Stiffness Factor” or the “Firmness Fac- 

tor” is the corresponding shear modulus or 

Young’s modulus of this equivalent sphere. Re- 

cently, resonant measurement techniques have 

been used to determine the firmness of nearly 

spherical fruits as apples [l], pineapples [1,6], 

melons [3], peaches [7] and tomatoes. The rela- 

tionship between the resonant measurements has 

been investigated by Abbot et al. [8] and Cooke 

and Rand [9]. They found a good correlation be- 

tween the lowest torsional resonant frequency and 

the fruit firmness. Finney [lo] found a good cor- 

relation between the lowest spherical resonant fre- 

quency and both the Young’s modulus and shear 

modulus of the apple flesh. In literature, statisti- 

cal analyses have been used extensively to inves- 

tigate the correlation between the Young’s mod- 

ulus and the Firmness factor. In physical terms, 

this correlation represents the correspondence of 

the shape of an ordinary fruit with a sphere. 

The introduction of powerful computers and 

new data acquisition equipment during the last 

decade makes it possible to improve this reso- 

nant technique and to investigate the influence 

of several parameters on the fruit firmness fac- 

tor. The development of system identification 

techniques in the frequency domain and in the 

time domain makes it possible to identify sev- 

eral eigenfrequencies, damping parameters and 

mode shapes of fruits even when they are not 

clearly visible in the measured FRF at several 

locations of the fruit. On the other hand finite 

difference, finite element and boundary element 

methods make it possible to determine numeri- 

cally the eigenfrequencies and the mode shapes of 

irregular shaped structures such as fruits. Finally, 

the parameters of the finite element model can be 

optimised to closely match the experimental data 

using (least-square) minimisation techniques. 

To improve the quality control by using tech- 

niques developed in other domains and to extend 

the resonant measurement technique in cases of 

non-spherical fruits some crucial steps have been 

taken in the framework of the European HCM- 

project “Use of image processing techniques to 

directly create finite element models of real nat- 

ural and artificial products and systems”. First 

of all, the resonant measurement technique as it 

has been developed in the last decades for spheri- 

cal fruits has been explained in terms of struc- 

tural dynamics. Many of the sensitivity anal- 

yses performed in the past can simply be illus- 

trated with an analytical test case. This would 

increase the insight in the method and would help 

to extend the technique towards more compli- 

cated cases. Secondly, to determine the mechan- 

ical material characteristics of the non-spherical 

fruit one has to use an optimisation technique 

to update a finite element model of the fruit to- 

wards the experimental results obtained by modal 

analysis. Therefore a technique has been devel- 

oped which generates a geometrical model of the 

non-spherical fruit [ll]. By means of a sensitivity 

analysis, the influence of geometrical and mate- 

rial changes on the eigenfrequencies and the mode 

shapes of the non-spherical fruit has been exam- 

ined [la]. Based on this, a proposition for an 

experimental test set up has been made to de- 

termine the material characteristics of the fruit 

for quality assessment purposes by means of an 

experimental modal analysis. 

In the paper, the image processing technique 

as developed by P. Jancsok is explained. This 

technique has been used to create a finite element 

model of a Conference pear. Secondly, the results 

of a sensitivity analysis which examined the dy- 

namic behaviour of this type of pear and the cor- 

relation of its behaviour with material character- 

istics by performing a numerical modal analysis 

are summarized. Thirdly, the system identifica- 

tion technique used to obtain the eigenfrequencies 

and the damping ratios of the Conference pear is 

described. Finally, some results obtained with 

these methods are shown and their capacity to 

be used in a monitoring system is shown. 



2. Image processing technique 

The first step in the Finite Element Analysis 

is the construction of the geometrical model of 

the Conference pear. This construction is a 

highly complicated task not only for pears, but 

also for most of the agricultural objects. Sev- 

eral image processing techniques have been de- 

veloped to generate a 3D geometrical model of 

objects for finite element modelling. Dimas et 

al. [la] introduced a geometrical modelling tech- 

nique based on Non-Uniform Rational B-splines 

(NURBS) while Jancsok et al. [II] generate a 

wireframe model. It is the latter method which 

has been used in this research work. 

The image processing system used consists of a 

JVC KY55BE color camera and a Matrox Comet 

PC1 capture card. The object was placed on 

the rotation table and pictures (24 bit Bitmap) 

from different view (12 from one half) were taken. 

With a digital analysis software the images were 

loaded into memory and shown on the screen. 

Using a threshold value the points of the object 

were separated from the background. After filter- 

ing the noise the program determines the edges 

of the object and extracts the boundary points. 

Jancsok et al. have written a MATLAB [13] (The 

MathWorks Inc., Natick, USA) program to de- 

termine the contour polygon and the 3D model 

of agricultural objects. Based on the boundary 

points of the objects the location of the main axis 

was estimated. The number of the polygon nodes 

(and so the accuracy of the approximation) can 

be influenced by error tolerance by deleting the 

points which are lying on the same line. The lo- 

cation of the polygon nodes is normalised accord- 

ing to the main axis. The polygons in 2D space 

were converted into 3D space by rotation around 

the vertical axis with an appropriate angle. An 

ANSYS [14] command script was generated to im- 

port the resulting 3D wireframe model into the 

Finite Element program. 

3. Results of the sensitivity analy- 

sis 

Jancsok et al. [ll] h ave suggested that one can 

determine the texture quality of the bottom part 

of the pear by using the information about the 

oblate-prolate mode of the pear and that one can 

determine the texture quality of the top part of 

the pear by using the information about the first 

bending modes. This is important because the 

elastic properties of the neck of the pear may 

change considerably during storage because of 

evaporative water losses. To investigate this pos- 

sibility, several sensitivity analyses have been per- 

formed on a numerical model of a Conference pear 

created by the presented image processing tech- 

nique. 

In the first sensitivity analysis, the pear is di- 

vided into two main parts: a top part which shape 

resembles a cone and a bottom part, which has 

a spherical shape. During the sensitivity analy- 

sis, the density and the Poisson’s ratio are taken 

uniform for the whole pear. In this first sensitiv- 

ity analysis set up, the Young’s modulus of the 

top part of the pear is considered to be equal to 2 

MPa. The Young’s modulus of the bottom part of 

the pear varies during the analysis from 1 MPa to 

4 MPa with an increment of 0.1 MPa. Using the 

subspace iteration technique, the 40 lowest eigen- 

frequencies and the corresponding mode shapes 

of the model are calculated and stored for each 

combination of material characteristics. 

Two parameters are introduced to improve the 

interpretation of the results: The dimensionless 

Young’s modulus 

frequency 7: 

E and the dimensionless eigen- 

E= 

(2) 

Where E is the Young’s modulus of the part of 

the pear of which the Young’s modulus is var- 

ied, EO is the Young’s modulus of the part of 

the pear of which the material characteristics are 

kept constant, fE is the eigenfrequency of a mode 

calculated with the combination {E, Eo} and f~, 

is the eigenfrequency of a mode with a uniform 

Young’s modulus EO for the whole pear. For a 

homogeneous pear, the dimensionless frequency 

equals the dimensionless Young’s modulus (i.e. 

E=f). 
The eigenfrequency of the modes are plotted 

versus the dimensionless Young’s modulus in fig- 

ure 1. The eigenfrequencies of the oblate-prolate 

modes are indicated with asterisks. From this 

figure 1, the following conclusions can be drawn: 

l The eigenfrequencies of the first six modes 

are nearly insensitive with respect to the 



stiffness of the bottom part of the pear (vari- 

ation in the range of 5 % to 10 %) when the 

Young’s modulus of the bottom part of the 

pear is larger then the Young’s modulus of 

the top part of the pea,r (increa,sed up to + 

100 %). 

l The eigenfrequencies of the first two bend- 

ing modes are less sensitive (than the next 

four eigenmodes) with respect to the stiff- 

ness of the bottom part of the pear when the 

Young’s modulus of the bottom part of the 

pear is smaller then the Young’s modulus of 

the top part of the pear. 

l The eigenfrequency of the first two bending 

modes decreases by 10 % when the stiffness 

of the bottom part of the pear is decreased 

by 50 %. 

l The most sensitive eigenmodes with respect 

to the stiffness of the bottom part of the pear 

are the oblate-prolate modes. 

l The eigenfrequencies of the oblate-prolate 

modes represent an almost linear function 

of the dimensionless Young’s modulus in the 

range 0.7-l. 

1OOQ I 
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Figure 1: Eigenfrequency versus dimensionless 

Young’s modulus of the bottom part of the pear 

In the second sensitivity analysis, the same di- 

vision of the pear, uniform density and Poisson 

ratio as in the first analysis is used. In this second 

sensitivity analysis set up, the Young’s modulus 

of the bottom part of the pear is considered to be 

equal to 2 MPa. The Young’s modulus of the top 

part of the pear varies during the analysis from 1 

MPa to 4 MPa with an increment of 0.1 MPa. Us- 

ing the subspace iteration technique, the 40 low- 

est eigenfrequencies and the corresponding mode 

shape of the model are calculated and stored for 

each combination of material characteristics. 

The aim of this sensitivity set up is to identify 

the modes for which the eigenfrequency is sen- 

sitive to the material characteristics of the top 

part of the pear and for which it is not. Also the 

sensitivity of the eigenfrequency of the first bend- 

ing modes and of the oblate-prolate modes to the 

material characteristics of the bottom part of the 

pear will be studied in detail. 

The eigenfrequencies are plotted versus a di- 

mensionless Young’s Modulus in figure 2. The 

eigenfrequencies of the oblate-prolate modes are 

indicated with asterisks. From this figure, the 

following conclusions can be drawn: 

The eigenfrequency of the first two bending 

modes is a linear function of the dimension- 

less stiffness of the top part of the pear when 

the stiffness of the top part of the pear is 

smaller then the stiffness of the top part of 

the pear. 

The eigenfrequency of the first two bending 

modes becomes less sensitive with respect to 

the dimensionless stiffness of the top part of 

the pear when the stiffness of the top part 

of the pear is larger then the stiffness of the 

top part of the pear. 

The most sensitive eigenmodes with respect 

to the stiffness of the top part of the pear are 

the first bending modes. 

The eigenfrequencies of the oblate-prolate 

modes are almost insensitive with respect to 

the dimensionless Young’s modulus in the 

range 0.7-1.4. 

From these two analyses it can be concluded 

that the oblate-prolate mode is the most sensi- 

tive mode with respect to the material character- 

istics of the bottom part of the pear and also that 

the influence of the material characteristics of the 

top part of the pear on the eigenfrequency of 

this mode is small. The first two bending modes 

are the most sensitive eigenmodes with respect 

to the material characteristics of the top part of 

the pear. However, the eigenfrequencies of these 

bending modes are still weakly dependent on the 

characteristics of the bottom part of the pear. 
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Figure 2: Eigenfrequency versus dimensionless 

Young’s modulus of the bottom part of the pear 

4. Experimental modal analysis 

A modal model of a structure (eigenfrequencies, 

damping ratios and modal shape vectors) can be 

determined from either a classical modal anal- 

ysis or a system identification procedure. The 

classical modal analysis procedures are methods 

based on the curve fitting of frequency response 

functions (FRF). System identification methods 

as the AR, ARV, ARMA and stochastistic sub- 
space are, are usually time domain methods. The 

main difference between both is that the classical 

methods need input and output information while 

the latter uses only output information. 

In this paper use has been made of a classical 

modal analysis technique. It is assumed that the 
structure is linear or that the data correspond to 

a good linearization of the response at the operat- 

ing condition of interest. In a first phase, a com- 

plex mode model in the pole/residue format is 

identified. Secondly, minimality and reciprocity 

conditions are enforced. Finally, a normal mode 

approximation for the system is searched. 

The identification of the eigenfrequencies and 

the damping ratios of the Conference pear has 

been performed by the use of the “Structural Dy- 

namics Toolbox” [16]. More theoretical details of 

the method are described in the manual of the 

toolbox. 

For the experimental modal analysis test, a 

Conference pear with a straight regular shape has 

been chosen as testing object. The weight, den- 
sity and characteristic dimensions of the pear has 

been measured. The pear has been marked by 

rotating the pear around its main axis and set- 
ting a laser beam perpendicular to the main axis 

on five different levels. Each level, from the top 

to the bottom of the pear, has been labeled A, 

B , ... 7 E respectively. By setting a specific rota- 
tion angle on each level, 4 to 12 points have been 

marked. The exact coordinates of the marked 

points have been calculated. These points corre- 

spond to nodes into the finite element model of 

the pear, which has been made with the image 

processing technique. It are these points which 
have been used as measurement points for the 
experimental modal analysis test. 

Several measurement set ups have been used 
to determine the eigenfrequencies, the damping 

ratios and the mode shapes of the pear. 

Each marked surface point of the pear is 

scanned with an accelerometer while the im- 

pact point stays stable at the equator of the 

spherical bottom part of the pear. 

Each marked surface point of the pear is 

scanned with an accelerometer while the im- 

pact point stays stable at the upper level of 

the pear. 

A simple test is performed at three signif- 

icant levels of the pear: the upper level, 

the equator of the spherical bottom part of 

the pear and the top-bottom of the pear. 

The accelerometer is always positioned on 

the opposite side of the impact point. All 

combinations are made and reciprocity is 

checked. With this test, the eigenfrequen- 

ties of the bending modes, the oblate-prolate 

modes and the compression mode are esti- 

mated. 

For the testing procedure, the pear has been 

tapped with a PCB 086 680 impulse force ham- 

mer which has a sensitivity of 27.2 mV/N. The 

acceleration has been measured using a PCB 352 

B22 sensor which has a sensitivity of 10 mV/g 

and has a very small weight (0.5 g). The ac- 
celerometer has been mounted on the pear sur- 

face using a thin layer of bees-wax (PETRO WAX 

080A24). The data has been recorded with a 

two-channel FFT Spectrum/network analyzer of 

Hewlett-Packard (35665A Dynamic Signal Ana- 

lyzer). For each combination of impact point and 

receiver point, several impacts where made. The 

input and the output signal in the time domain 



has been recorded using a sampling frequency of 

4.096 kHz. A force window and a exponentional 

window has been applied to the signals before 

transforming them into the frequency domain. 

Four events have been used for averaging the sig- 

nals. The frequency response function, the power 

spectrum and the coherence function have been 

recorded. 

5. Results of the experimental 
modal analysis 

A Conference pear has been tested twice with a 

time interval of one week. During this week, the 

pear has been stored in a room where the temper- 

ature and the humidity are controlled. The pear 

lost 5 % of its weight due to dehydration dur- 

ing this period, while the volume only decreased 

with 3 %. The results for the eigenfrequency and 

the damping ratio obtained with the experimen- 

tal modal analysis test are shown in table 1. 

before storage (2-12-97) 
Eigenfrequency Damping’ratio 

Mzl I%1 
Eigenmode 

Bending 288 9.5 
Compression 448 8.7 

Oblate-Prolate 735 8.0 
after storage (g-12-97) 

Eigenmode Eigenfrequency Damping ratio 

Bending 
WI [%I 
252 10.9 

Compression 408 9.4 

Oblate-Prolate 650 10.5 

Table 1: Eigenfrequencies and damping ratios for 

the Conference pear before and after storage 

The eigenfrequency of the bending mode, the 

compression mode and the oblate-prolate mode 

decreased respectively with 13.7 %, 9.3 % and 

10.4 %. The sensitivity analysis has shown that 

the eigenfrequency of the oblate-prolate mode is 

only influenced by the stiffness of the spherical 

bottom part of the pear while the eigenfrequency 

of the first bending mode is mainly influenced by 

the stiffness of the top part of the pear. From 

the evolution of the eigenfrequencies, it can be 

concluded that the stiffness of the top part of the 

pear decreases faster then the stiffness of the bot- 

tom part of the pear which corresponds to larger 

evaporative water losses in the neck of the pear 

during storage. The damping ratio increases for 

all eigenmodes with about 2 %. 

The large variation of the eigenfrequencies and 

the damping ratios proofs that the experimental 

modal analysis test prove can be used to mon- 

itor the quality of the fruit during time and to 

evaluate different storage techniques. 

6. Determination of the Young’s 
modulus by using an updating 
process 

The aim of the updating process is to estimate 

the dynamic Young’s modulus of the top part 

and the bottom part of the Conference pear by 

minimizing the difference between the experimen- 

tal determined eigenfrequencies fE of the bend- 

ing modes, the compression mode and the oblate- 

prolate modes and the corresponding eigenfre- 

quencies of a finite element model fT of the same 

pear. 

Therefore, an initial set of material properties 

is proposed, e.g. the density, the coefficient of 

Poisson and the Young’s modulus of the different 

parts of the pear. The density of the pear is mea- 

sured and assumed to be homogeneous. The coef- 

ficient of Poisson is estimated from literature [la]. 

The Young’s modulus of the different parts are 

assumed to be the free parameters of the updat- 

ing process and are collected in an n-dimensional 

vector x. 

The eigenfrequencies fTo of the finite element 

model of the Conference pear with the initial pa- 

rameters are determined using the subspace iter- 

ation technique. The objective function f(x) is 

a measure for the distance between the experi- 

mental and theoretical eigenfrequencies in an m- 

dimensional space: 

f(x) = r(X)Tr(X). 

r is an m-dimensional vector with components r;, 

defined as the residues between the experimental 

eigenfrequencies fZ@ and the theoretical eigenfre- 

quencies f;T (x) : 

l"i = f;E -Cz’(x) i= l,...,m. (4) 

In a Newton-Raphson method, the objec- 

tive function f(x) is locally approximated by a 



quadratic form about the trial values xk of the R 

free parameters at the k-th iteration step: 

f(xk + Ax”) = CT+“) 
21 f(xk) + AxkTVf(xk) + 

iAxkTV2f (x")Ax" 

The normal equations are found by setting the 

partial derivatives with respect to the free Pa- 

(5) 

rameters ~,i of this approximation equal to zero: 

V2f(xk)Axk = -Vf(xk) (6) 

Herein, Ax” = x - xk is the step in the trial 
space at the k-th iteration step. The gradient 

of the objective function Vf(x”) equals -2JkTrk 
and the Hessian V2f(xk) can be approximated as 
2JkTJk; J” is the Jacobian matrix with elements: 

The resulting normal equations can be 

J”*J”Ax” = JkTr(xk) 

(7) 

written as: 

(8) 

which allows to solve for the vector Ax” and to 

update the vector with unknown parameters: 

Ax” = Jk+r(xk) (9) 

where J”t is the pseudoinverse of J”. 

The results of the updating process for a ho- 

mogeneous pear are summarized in table 2 and 

for a pear divided into an upper and a spherical 

bottom part in table 3. 

before storage (2-12-97) 

Eigenmode experimental theoretical 

WI WI 
Bending 288 262 

Compression 448 444 

Oblate-Prolate 735 746 

Young’s modulus 6.19 MPa 

Table 2: Eigenfrequencies and Young’s modulus 

for the Conference pear before storage (homoge- 

neous model) 

before storage (2-12-97) 

Eigenmode experimental theoretical 

[Hz1 [Hz1 
Bending 288 272 

Compression 448 458 
Oblate-Prolate 735 734 

Young’s modulus top 6.79 MPa 

bottom 5.90 MPa 

Table 3: Eigenfrequencies and Young’s modu- 

lus for the Conference pear before storage (non- 

homogeneous model) 

7. Conclusions 

The most important quality indicator for fruits 

is the flesh firmness which is highly correlated to 

the Young’s modulus. 

A sensitivity analysis has shown that the 

eigenfrequency of the oblate-prolate mode is the 

most sensitive mode with respect to the material 

characteristics of the bottom part of the pear and 

also that the influence of the material character- 

istics of the top part of the pear on the eigen- 

frequency of this mode is small. Another sensi- 

tivity analysis has proven that the first two bend- 
ing modes are the most sensitive eigenmodes with 

respect to the material characteristics of the top 

part of the pear. However, the eigenfrequencies of 
these bending modes are still weakly dependent 

on the characteristics of the bottom part of the 

pear. 

An experimental modal analysis test has been 

applied on Conference pear with a time interval 

of one week. The eigenfrequency of the bend- 

ing mode, the compression mode and the oblate- 

prolate mode decreased respectively with 13.7 %, 

9.3 % and 10.4 %. From the evolution of the 

eigenfrequencies, it can be concluded that the 

stiffness of the top part of the pear decreases 
faster then the stiffness of the bottom part of the 

pear which corresponds to larger evaporative wa- 

ter losses in the neck of the pear during storage. 

The damping ratio increases for all eigenmodes 

with about 2 %. 

The large variation of the eigenfrequencies and 

the damping ratios proofs that the experimental 

modal analysis test can be used to monitor the 
quality of the fruit during time and to evaluate 

different storage techniques. 
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