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ABSTRAK

Poisson’s ratio merupakan parameter kunci yang menggambarkan deformasi lateral suatu material ketika dikenai beban,
namun perannya dalam biomekanika buah masih belum dieksplorasi secara memadai dan penerapannya masih belum
konsisten. Tinjauan ini mensintesis bukti terkini mengenai bagaimana Poisson’s ratio telah diukur, diinterpretasikan, dan
digunakan pada buah serta material hortikultura, dengan perhatian khusus pada relevansinya dalam rekayasa pascapanen.
Tinjauan literatur terstruktur dilakukan dengan menggunakan studi-studi peer-reviewed dari basis data ilmiah utama, yang
berfokus pada pendekatan pengukuran langsung maupun aplikasi berbasis pemodelan. Analisis menunjukkan adanya
variabilitas yang substansial pada nilai Poisson’s ratio yang dilaporkan antar komoditas, tipe jaringan, dan kondisi
pengujian, yang berkisar dari nilai mendekati nol pada jaringan yang secara struktural kaku hingga nilai yang mendekati
inkompresibilitas pada sistem yang bertekstrur lunak dan berkadar air tinggi. Variasi ini berkaitan erat dengan struktur
jaringan, tingkat kematangan, dan kondisi deformasi, tetapi juga sangat dipengaruhi oleh perbedaan metodologi. Meskipun
terdapat kemajuan dalam pengukuran regangan optik dan teknik eksperimental, banyak studi masih mengandalkan nilai
asumsi, khususnya dalam pemodelan elemen hingga dan penilaian non-destruktif. Ketergantungan ini membatasi
keandalan prediksi mekanik. Oleh karena itu, studi ini bertujuan untuk meninjau secara kritis bagaimana Poisson’s ratio
telah dikarakterisasi pada buah, mengevaluasi keterbatasan metodologis, dan mengidentifikasi arah pengembangan untuk
meningkatkan penggunaannya dalam aplikasi rekayasa pascapanen.

ABSTRACT

Poisson’s ratio is a key parameter describing lateral deformation in materials under load, yet its role in fruit biomechanics
remains insufficiently explored and inconsistently applied. This review synthesizes current evidence on how Poisson’s
ratio has been measured, interpreted, and used in fruits and horticultural materials, with particular attention to its
relevance in postharvest engineering. A structured literature review was conducted using peer-reviewed studies from
major scientific databases, focusing on both direct measurement approaches and modelling-based applications. The
analysis reveals substantial variability in reported values across commodities, tissue types, and testing conditions, ranging
from near-zero values in structurally rigid tissues to values approaching incompressibility in soft, high-moisture systems.
These variations are closely linked to tissue structure, maturity, and deformation conditions, but are also strongly
influenced by methodological differences. Despite recent advances in optical strain tracking and experimental techniques,
many studies continue to rely on assumed values, particularly in finite element modelling and non-destructive assessments.
This reliance limits the reliability of mechanical predictions. This study therefore aims to critically review how Poisson’s
ratio has been characterized in fruits, to evaluate methodological limitations, and to identify directions for improving its
use in postharvest engineering applications.

INTRODUCTION

Mechanical characterization of fresh horticultural products is essential for understanding how fruits
respond to external forces during handling, transportation, and storage (Opara & Pathare, 2014). Unlike
conventional engineering materials, fruits are structurally heterogeneous, highly hydrated, and
mechanically sensitive to both biological and environmental changes (Herold et al., 2001; Li & Thomas,
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2014). Their response to loading is governed not only by material properties, but also by tissue
organization, cellular structure, and physiological state (Sirisomboon et al., 2012; Waldron et al., 2003).
As a result, predicting deformation and damage in fruits remains a complex challenge in postharvest
engineering (Opara & Pathare, 2014).

Among the parameters used to describe material deformation, Poisson’s ratio provides direct insight
into how a material expands or contracts laterally when subjected to axial loading (Greaves et al., 2011).
In principle, this parameter plays a critical role in constitutive modelling, stress—strain analysis, and finite
element simulation (Zulkifli et al., 2020). In practice, however, its use in fruit mechanics has been
inconsistent. While properties such as firmness and elastic modulus are commonly measured, Poisson’s
ratio is often treated as a secondary parameter, frequently assumed rather than experimentally determined
(Sirisomboon et al., 2012). This creates a disconnect between modelling assumptions and actual
mechanical behavior, particularly in soft and heterogeneous biological materials such as fruits (Stupska
et al., 2025).

This imbalance in the literature has created a notable problem in the mechanical modelling of fresh
produce. Many analytical and numerical studies require Poisson’s ratio as a constitutive parameter, yet
the value used is frequently assumed from generalized literature or borrowed from biologically dissimilar
tissues rather than determined directly for the commodity and condition under study (Sirisomboon et al.,
2012). This practice is especially problematic for fruits, whose deformation response depends strongly
on maturity stage, water content, cellular turgor, tissue layering, and internal heterogeneity. Unlike
homogeneous engineering materials, fruit tissues exhibit nonlinear, time-dependent, and structure-
sensitive mechanical behavior, meaning that even modest inaccuracies in Poisson’s ratio may alter the
predicted distribution of stress, strain, and deformation under load (Herold et al., 2001). As a result, the
use of assumed Poisson’s ratio values may compromise the physical realism and predictive reliability of
mechanical simulations used for postharvest design and damage assessment (Opara & Pathare, 2014).

The challenge becomes even more pronounced when moving from isolated tissues to intact fruits.
Most fruits are composite biological systems consisting of peel, flesh, locular cavities, vascular bundles,
and intercellular voids, each contributing differently to the global mechanical response (Li et al., 2012).
Consequently, a Poisson’s ratio measured on a simplified cylindrical tissue specimen or inferred from a
single tissue layer may not adequately represent the mechanical behavior of the whole fruit under realistic
loading conditions (Li & Thomas, 2014). This distinction matters in practice. Postharvest damage
develops in intact fruits, not in isolated tissue cylinders tested under ideal laboratory conditions (Opara
& Pathare, 2014). Therefore, there is a growing need to critically examine how Poisson’s ratio has been
measured, interpreted, and applied in horticultural research, and whether current practices provide
mechanically representative values for practical postharvest use (Zulkifli et al., 2020).

Several experimental and modelling approaches have been employed to estimate or apply Poisson’s
ratio in plant-based biological materials. Direct measurement has most commonly been attempted through
uniaxial compression or tensile testing combined with simultaneous axial and lateral deformation
measurements. For example, Poisson’s ratio has been experimentally determined in apple tissues using
compression and tensile tests (Grotte et al., 2002), in tomato skin as a function of storage time and
temperature (Kuna-Broniowska et al., 2012), in pumpkin flesh and seed tissues under varying moisture
and loading conditions (Khodabakhshian & Emadi, 2015), and in carrot tissues for viscoelastic finite
element modelling (Xia et al., 2021). More advanced approaches such as digital image correlation and
laser-based displacement sensing have also improved the ability to track multi-directional strain fields in
soft biological materials (An et al., 2022). These methods have contributed valuable insights by
demonstrating that Poisson’s ratio in biological materials is not fixed, but responsive to structural and
physiological conditions.

Despite these advances, the available evidence is still methodologically fragmented and difficult to
compare across studies. Many studies have focused on tissue samples, peels, seeds, or simplified
geometries rather than intact fruits, making cross-study comparison difficult and limiting the
transferability of findings to real postharvest systems. In parallel, several non-destructive or indirect
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techniques, including forced vibration, Rayleigh wave propagation, and finite element-based impact
simulations, have used Poisson’s ratio as a prescribed model input rather than a directly measured
property (Arai et al., 2021; Khalifa et al.,, 2011). Although these methods are useful for firmness
evaluation and damage prediction, their dependence on assumed constitutive parameters reduces
confidence in their mechanistic interpretation. Moreover, the literature rarely synthesizes how Poisson’s
ratio varies with fruit maturity, tissue composition, moisture status, and loading regime across
commodities, even though these factors are known to govern the mechanical response of fresh produce.

Taken together, the available literature indicates that Poisson’s ratio is both mechanically meaningful
and insufficiently resolved in horticultural science. Existing studies suggest that soft, water-rich tissues
such as tomato skin and carrot flesh may approach near-incompressible behavior, whereas peel-
dominated or structurally rigid tissues may exhibit substantially lower lateral deformation under load
((Kuna-Broniowska et al., 2012; Xia et al., 2021). Yet the field still lacks a coherent synthesis that
integrates measurement principles, reported values, methodological limitations, and engineering
implications within a single analytical framework. More importantly, direct whole-fruit measurements
remain scarce, and there is no broadly accepted methodological standard for obtaining representative
Poisson’s ratio values in fruits. This unresolved gap limits the development of more physically grounded
constitutive models and constrains the accuracy of predictive tools for bruise risk, packaging stress, and
machine—fruit interaction.

Accordingly, the objective of this study is to provide a critical and structured review of Poisson’s
ratio in fruits and horticultural materials, with emphasis on its measurement approaches, reported values,
mechanical interpretation, and relevance to postharvest engineering. The novelty of this review lies in
repositioning Poisson’s ratio from a frequently assumed modelling constant to a measurable and
biologically informative mechanical parameter whose value reflects tissue structure, physiological
condition, and loading response. In addition to synthesizing existing evidence across commodities and
experimental methods, this review identifies methodological inconsistencies, highlights the scarcity of
intact-fruit measurements, and outlines future directions for more representative mechanical
characterization. The scope of the review encompasses direct and indirect measurement approaches,
tissue- and whole-fruit studies, and the implications of Poisson’s ratio for constitutive modelling, finite
element simulation, and postharvest system design. By clarifying the current state of knowledge and its
limitations, this work establishes a foundation for improved experimental protocols and more reliable
mechanical modelling of fresh horticultural products.

METHODE

This study was conducted as a structured literature review with systematic elements to synthesize
current knowledge on Poisson’s ratio in fruits and horticultural materials, with emphasis on measurement
approaches, reported values, and engineering relevance. The review procedure was designed to ensure
transparency, reproducibility, and alignment with the objective of identifying methodological limitations
and research gaps in the mechanical characterization of fresh produce.

Relevant literature was retrieved from major scientific databases, including Scopus, Web of
Science, ScienceDirect, and SpringerLink. The search strategy combined keywords related to Poisson’s
ratio, fruit mechanics, and postharvest engineering using Boolean operators, in line with established
recommendations for systematic search development and reproducibility (Bramer et al., 2018). The main
search combinations included: Poisson’s ratio of fruit and horticultural material, mechanical properties,
fruit tissue, compression, lateral strain, finite element modelling, fruit deformation”. Additional terms
such as “viscoelasticity”, “bruise prediction”, and “plant tissue mechanics” were used to capture studies
in which Poisson’s ratio was applied within broader mechanical analyses (MacFarlane et al., 2022).

The review included peer-reviewed journal articles and conference papers published in English that
reported, measured, estimated, or applied Poisson’s ratio in fruits, vegetables, or plant-based biological
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materials. Studies were excluded if they were unrelated to mechanical behavior, lacked methodological
clarity, or focused exclusively on non-biological materials. The screening process was conducted through
title and abstract evaluation followed by full-text assessment, guided by PRISMA principles to improve
selection transparency (Rethlefsen et al., 2021).

Data from the selected studies were extracted and organized according to commodity type, tissue
or sample geometry, measurement status (direct or indirect), experimental or modelling method, loading
regime, reported Poisson’s ratio values, and key findings. The evidence was then synthesized qualitatively
through comparative analysis. Because of substantial heterogeneity in sample type, testing conditions,
and analytical methods, a meta-analysis was not considered appropriate. Instead, the review focused on
identifying recurring patterns, methodological inconsistencies, and unresolved gaps related to the
measurement and engineering interpretation of Poisson’s ratio in horticultural materials (Campbell et al.,
2020; Higgins et al., 2019).

RESULTS

The findings of this review are organized into three complementary tables to provide a structured
overview of how Poisson’s ratio has been investigated and applied in fruits and horticultural materials
across the 17 studies selected for detailed analysis. Table 1 summarizes the selected international studies,
highlighting the commodities examined, the primary objectives of each study, and the extent to which
Poisson’s ratio was directly measured, indirectly applied, or omitted. Table 2 further synthesizes the
reported Poisson’s ratio values across different fruits and plant tissues, together with their measurement
status, loading conditions, and key mechanical interpretations, thereby illustrating the substantial
variability associated with tissue type, maturity, and experimental context. Finally, Table 3 compares the
principal measurement approaches used to determine or apply Poisson’s ratio in soft biological materials,
with emphasis on their ability to capture lateral deformation, their methodological limitations, and their
relevance for postharvest engineering applications.

Table 1. Summary of international studies related to the measurement and application of Poisson’s ratio
in fruits and horticultural materials

Poisson’s

Reference Fruit / Tissue Purpose of Study Ratio Measurement
Approach
Treatment
Axial loading with
Kuna- Tomato skin Effect of storage time Directly longitudinal-transverse
Broniowska et al. and temperature measured strain calculation
(2012a) p (random surface
marking)
e Rt
Araietal. (2021) Mango (fruit)  Firmness assessment indirectly propag
: induced plasma shock
applied .
technique)
Firmness change .
Luo et al. (2025) Peach,. with maturity and NOt Force—disp lgcement
nectarine considered  curve analysis
storage
Khalifa et al. . . Review of firmness Indlregtly Forced vibration and
Various fruits . used in .
(2011) evaluation methods air-puff methods
models
. Static loading tests
Hassanpour et al.  White seedless Effect of maturation Directly combined with digital
(2010) grapes (fruit) on . mechanical measured  photography; FEM
properties ’
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Rosenthal et al.
(2018)

Jentzsch et al.
(2022)

Khodabakhshian

& Emadi (2015)

Grotte et al.
(2001)

Ekrami-Rad et al.

(2011)

Liu et al. (2022)

Xia et al. (2021)

Herold et al.

(2001)

Djebloun et al.
(2019)

An et al. (2022)

Mahiuddin et al.

Spherical
model fruits
(gelatin, disc-
stone)

Citrus fruit
peels

Pumpkin seeds
and kernels

Apple tissues
(peel and
flesh)

Pomegranate
peel and fruit
tissues

Plant tissues
(various)

Carrot tissue
(flesh and
core)

Fruit tissues
(various)

Date palm tree
fiber

Strawberry
(fruit tissue,
cortex/whole
fruit)

Various fruits

Contribution of skin
and stone to texture
measurements

Damage protection
and peel morphology

Effect of wvariety,
size, moisture, and
loading rate

Mechanical

characterization of
fruit tissues

Determination of

mechanical
properties for
damage assessment
and handling design
Accurate
determination of

Poisson’s ratio

Bruise prediction and

impact damage
analysis using FEM
Mechanical
properties of fruit
tissues
Determination of

elastic modulus and
Poisson’s coefficient
of natural plant fibers

Prediction of
temperature-
dependent drop
damage using
dynamic FEM
Determination of
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Directly
measured

Directly
measured

Directly
measured

Directly
measured

Directly
measured

Directly
measured

Directly
measured
and applied
as FEM input

Often
assumed /
indirectly

used

Directly

measured

Assumed /
model
parameter

Assumed /

Compression tests at
low loads prior to
failure

Quasi-static
compression tests on
fruit peels

Compression tests
under controlled
moisture content and
loading rates

Compression and
tensile tests on
cylindrical tissue
samples

Quasi-static
compression and shear
tests on peel and fruit
tissues; Poisson’s ratio
obtained from lateral
and axial deformation
behavior

Uniaxial compression
combined with digital
image correlation
Uniaxial compression
tests on cylindrical
samples; Poisson’s ratio
calculated from axial
and  lateral  strain
measurements

Review of compression
and impact testing
methods

Uniaxial tensile testing

with simultaneous
measurement of
longitudinal and

transverse strain
Dynamic finite element
modeling  of  drop
impact; Poisson’s ratio
adopted from literature
to describe viscoelastic
fruit tissue behavior
Fractional Caputo
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(2020)

Sirisomboon et

and vegetables

(tissue

samples)

Tomato

(whole fruit /

al. (2012) flesh)
Shirmohammadi ~ Pumpkin flesh
etal., (2018) tissue

viscoelastic and
mechanical
properties using

fractional rheological
modeling

Evaluation of
textural and
mechanical

properties of tomato

Experimental
determination of
elastic properties of
pumpkin tissue

indirectly
applied

Not

considered /

implicitly
neglected

Directly
measured

rheological model fitted
to creep—relaxation
data; Poisson’s ratio
adopted from literature
or treated as a constant
elastic parameter
Compression and
texture profile analysis
focusing on firmness,
elasticity-related
indices, and force—
deformation response
Uniaxial compression
with laser displacement
sensors for axial and
lateral deformation

Table 2. Reported Poisson’s ratio of fruits and plant tissues: measurement status, loading regime, key
findings, and methodological implications

Commodit Tissue / Ponssqn’ Measure  Method / Loading Key Findings / Main
y Geometr s Ratio ment Instrumen Regime Observations
y v) Status t
Tomato
(cv. The Poisson’s ratio
Encore/Ad Axial increased with
miro) Skin 0.40- Measured compressio Quasi- increasing storage time
(Kuna- (intact) 0.50 n and strain static and temperature due to
Broniowsk tracking the softening of peel
aetal., tissue
2012)
The reported values
(Poisson’s ratio) were
relatively low and
showed a decreasing
Apple 017 Co/mprgssio Quasi téenl(ll Wl;? incr(eias@ng
A7 n/tension uasi- esh stiffness during
g?rgt(;(e)g Flesh 0.22 Measured (cylindrical static storage.  Conversely,
" samples) Poisson’s ratio tended
to increase with fruit
ripening, reflecting the
gradual decline in
tissue elasticity.”
The fruit peel exhibited
greater lateral
Apple Uniaxial Quasi- deformation than the
(Stupska et Peel ~0.35 Measured tensile test static flesh, reflecting
al., 2025) differences in
structural organization
and mechanical
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Commodit Tissue / P01ss0.n Measure  Method / Loading Key Findings / Main
y Geometr s Ratio ment Instrumen Regime Observations
y ) Status t
stiffness between outer
and inner tissues.
091 Uniaxial Poisson’s ratio
Whole 0 25 compressio increased with
Apple (cv. fruit ( de\‘/elo n with increasing fruit
opin i axial— uasi- maturity, reflecting
Ch (three ment) ’ Measured l Q turit flect
pska et . atera static reater atera
Stupsk maturit 035’ lateral tat great lateral
al., 2026) sta es)y (ser‘lesce strain deformation as tissue
& nce) measureme elasticity progressively
nt declined
Pumpkin Poisson’s ratio
(Khopdabak Compressio decreased with
hshian & Seed / 0.27- Measured n Quasi- increasing  moisture
Emadi Kernel 0.42 (controlled static content, but increased
2015) ’ MC & rate) with higher loading
rates
Uniaxial
compressio Laser based non-
Flesh n with laser contact measurements
Pumpkin tissue displaceme allow more accurate
(Shirmoha (cylindric ~0.35- Directly nt sensors Quasi- detection of dynamic
mmadi et M al 0.49 measured  measuring static deformation and
al., 2018) samples) axial and indicate that lateral
P lateral strain is influenced by
deformatio tissue moisture content
n
Pomegranat Quasi-static The multilayered peel
e (Ekrami- Pecl ~0 to Measured COMDIESSio Quasi- structure significantly
Rad et al., negative N &p shear static restricted lateral
2011) deformation
Uniaxial
compressio Carrot flesh tissue
n; axial exhibited near-
Flesh deformatio incompressible
(cylindric n from Quasi- behavior, with
y Directly UT™M . Poisson’s ratio
al sample, 0.477 measured sensor static (2.5 inco d
. , S rporate as a
Carrot (Xia @10 x 10 mm-min?') . . .
etal., 2021) mm) lateral viscoelastic nput
" deformatio parameter in finite
n from element modelling for
diameter bruise prediction.
change
Core Directl Uniaxial Quasi- Poisson’s ratio of the
(cylindric 0.477 measurgd compressio static core was slightly
al sample, n; higher than that of the
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- - .
Commodit Tissue / P01ss0.n Measure  Method / Loading Key Findings / Main
Geometr s Ratio ment Instrumen Resime Observations
y y ) Status t g
010 x 10 pengukuran flesh, reflecting
mm) regangan differences in internal
aksial— tissue structure
lateral
langsung
Poisson’s ratio of the
seed and core
0.267— Uniaxial decreased with
Red bean Seed (var 0.322 compressio Quasi- increasing  moisture
(Kiani Deh . 7 (Goli); n tests with . content but increased
.. Goli; var. Measured static . . X
Kiani et al., Akhtar) 0.340— controlled with higher loading
2011) 0.406 moisture rates, indicating a
(Akhtar) content significant influence of
physical conditions and
viscoelastic response
Poisson’s ratio was
Strawberry Dynamic . assumed, and the
(Anetal., “g:ﬁie ~0.40 Assumed FEM (drop (gllaatisé- simulation results were
2022) test) highly sensitive to its
value
Compressio Poisson’s ratio
Maize Kernel 0.399_ n uI; der Quasi- increased with loading
(corn) (Dai (13.2% 0 423 Measured increasin static force, indicating the
etal., 2013) MC) ) load & influence of internal
seed pressure.
Eggplant Poisson’s ratio
(terong) . 0.44— Compressio Quasi- increased with higher
(Mahiuddin Tissue 0.58 Measured n tests static loading rates and
et al., 2020) greater tissue porosity.
Whole Thfa range of Poisson’s
. ratio  values  was
Plum fruit (var. consistent with typical
(Esehaghbe  Ghandi, 0.187— Compressio  Impact / . . YP!
. Measured . biological  materials
ygi et al., Ghatratala ~ 0.301 n tests Dynamic
(0.2-0.5) and was
2013) , Black ) .
lum) influenced by varietal
p differences.
The very low Poisson’s
. 0.03 .
Citrus . ratio values reflected
Whole  (pomelo) Compressio . .
(pomelo, . Measured Dynamic  limited lateral
fruit ,0.14 n tests .
lemon) deformation due to the
(lemon)

rigid peel structure
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Table 3. Measurement approaches for Poisson’s ratio in soft biological materials
Direct / Capability to Measure

Approach Indirect Lateral Strain Limitations Typical Use
Static . Direct Moderate-High Pr.emature failure, Tissue o
compression alignment characterization
Uniaxial tension Direct High Sample . Pecl/fiber

preparation
Digital . Image Direct Very high Optical noise, cost Research-grade
Correlation measurement
Vibration / . Model Non-destructive
. Indirect None (assumed v)

Rayleigh waves dependency firmness

. . . Sensitive to Damage
FEM (dynamic) Indirect None (input v) assumed v prediction

DISCUSSION

General Characteristics of the Selected Studies

Recent work on Poisson’s ratio in fruits remains scientifically fragmented, with most studies
differing substantially in scale, purpose, and measurement rigor (Sirisomboon et al., 2012). A clear pattern
is that most recent studies have not treated Poisson’s ratio as a primary experimental variable, but rather
as a secondary mechanical parameter or a prescribed input in modelling frameworks (Li & Thomas,
2014). Across the selected literature, the dominant commodities include tomato, mango, strawberry,
carrot, citrus, and several plant tissues or seed-based materials, indicating that current evidence is still
dispersed across different biological structures rather than consolidated within whole-fruit mechanics
(Opara & Pathare, 2014).

From a methodological perspective, the literature can be grouped into three dominant categories:
direct mechanical measurement, indirect non-destructive estimation, and model-based application
(Sirisomboon et al., 2012; Zulkifli et al., 2020). Direct measurement remains the most scientifically
reliable approach because it captures axial and lateral strain simultaneously under controlled loading
(Schreier et al., 2009). Recent studies applying direct or semi-direct approaches, such as uniaxial
compression combined with optical strain tracking or digital image correlation, have shown that Poisson’s
ratio is highly sensitive to tissue condition, geometry, and deformation level (Chen et al., 2021; Fan et al.,
2022a). For example, the use of digital image correlation and image-based strain tracking has improved
deformation resolution in soft plant tissues and has strengthened the reliability of Poisson’s ratio
estimation in mechanically heterogeneous biological materials (An et al., 2022; Xia et al., 2021) (Liu et
al., 2022; Xia et al., 2021).

However, Table 1 also shows that a substantial proportion of the literature still applies Poisson’s
ratio indirectly. In recent non-destructive firmness studies, such as those based on Rayleigh wave
propagation, Poisson’s ratio is often embedded in the mechanical model rather than measured
experimentally (Arai et al., 2021). Likewise, finite element studies on fruit drop damage and dynamic
deformation frequently adopt literature-derived values to represent viscoelastic fruit tissues, especially in
soft commodities such as strawberry (An et al., 2022) and apple (Chavoshi et al., 2022). Although this
practice is computationally practical, it introduces a critical methodological weakness because model
outputs may become highly sensitive to assumed constitutive parameters that are not validated for the
tested commodity or maturity stage (Ikeda et al., 2015).

Another notable feature of the selected studies is the strong dominance of tissue-level or partial-
structure measurements over intact whole-fruit characterization (Li et al., 2012). Recent experimental
work has been conducted primarily on peel, flesh, cortex, core, or cylindrical tissue specimens, rather
than on whole fruits under realistic handling conditions (Li et al., 2012; Sirisomboon et al., 2012). This is
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a significant limitation because the mechanical response of intact fruits emerges from the integrated
interaction of multiple tissue layers, internal cavities, moisture gradients, and curvature-dependent stress
distribution (Li & Thomas, 2014). Consequently, values derived from isolated tissues may not adequately
represent global fruit deformation during compression, impact, or handling (Opara & Pathare, 2014).

Collectively, the evidence summarized in Table 1 indicates that the literature has advanced in terms
of measurement sophistication, but not yet in terms of representativeness and standardization (Zulkifli et
al., 2020). The recent shift toward optical measurement, digital strain analysis, and modelling integration
is scientifically promising, yet the field still lacks a consistent experimental framework for obtaining
Poisson’s ratio values that are directly applicable to postharvest engineering and bruise prediction (Chen
et al., 2021; Fan et al., 2022a). In practical terms, the field has progressed faster in modelling than in
measurement, leaving many mechanical interpretations dependent on poorly validated input values
(Opara & Pathare, 2014).

The magnitude of Poisson’s ratio is influenced by several factors such as moisture content, loading
rate, and structural composition (e.g., peel, pulp, and flesh), which collectively determine the deformation
response of the product (Khodabakhshian, 2012). Many studies have relied on assumed Poisson’s ratio
values derived from moisture conditions or previous literature rather than direct experimental
measurement (An et al., 2022; Arai et al., 2021; Herold et al., 2001; Sirisomboon et al., 2012). These
assumptions are commonly applied in acoustic wave-based measurement, forced vibration methods,
dynamic impact simulation, and viscoelastic modelling of agricultural materials (An et al., 2022; Khalifa
et al., 2011; Mahiuddin et al., 2020). While such approaches remain practical for engineering prediction,
they also highlight a persistent gap between modelling convenience and experimentally validated
mechanical characterization.

Reported Poisson’s Ratio Values Across Fruits and Plant Tissues

The values summarized in Table 2 demonstrate that Poisson’s ratio in horticultural materials spans
a wide mechanical range, from nearly zero in structurally rigid peel-dominated systems to values
approaching 0.50 in soft, water-rich tissues (Fan et al., 2022b; Sirisomboon et al., 2012). This variability
confirms that Poisson’s ratio in fruits cannot be treated as a universal constant, but rather as a structure-
dependent and condition-sensitive mechanical parameter (Greaves et al., 2011). In recent studies, tissues
with high moisture content and reduced internal rigidity, such as carrot flesh and soft fruit tissues,
consistently exhibited near-incompressible behavior, indicating strong lateral deformation under axial
compression (Fan et al., 2022b; Xia et al., 2021) (Xia et al., 2021). In contrast, peel-dominated materials
such as citrus and structurally reinforced outer tissues showed markedly lower values, reflecting their
protective mechanical function and limited transverse strain.

Table 2 also reveals that tissue type and sample geometry strongly influence the reported values
(Li et al., 2012). Measurements obtained from cylindrical tissue specimens generally isolate local
mechanical behavior, whereas whole-fruit measurements integrate the combined effect of peel, flesh,
internal cavities, and structural heterogeneity (Li & Thomas, 2014). This distinction is scientifically
important because it suggests that Poisson’s ratio values derived from isolated tissues may not always be
transferable to intact fruit systems (Li & Thomas, 2014; Zulkifli et al., 2020). Recent studies indicate that
physiological condition, particularly fruit maturity and moisture loss, plays a significant role in governing
deformation behavior (Gidado et al., 2024; A. C. Paniagua et al., 2013). As fruits ripen or lose structural
integrity, lateral strain tends to increase due to pectin degradation, weakened intercellular bonding, and
reduced tissue stiffness, thereby increasing the apparent Poisson’s ratio (C. Paniagua et al., 2014). These
trends reinforce the potential of Poisson’s ratio as a sensitive mechanical indicator of tissue softening and
postharvest deterioration.

Beyond maturity effects, sample geometry also plays an important role in determining measured
Poisson’s ratio values. Intact fruits tend to exhibit a more integrated mechanical response because
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deformation reflects the combined contribution of multiple tissue layers and internal structures, whereas
cylindrical tissue specimens isolate local behavior and may neglect interactions among structural
components (Herold et al., 2001; Li et al., 2012). In addition, evidence summarized in Table 2 indicates
that Poisson’s ratio is strongly influenced by maturity stage and physiological condition, as observed in
fruits such as tomato and apple, where the reported values generally increase with ripening (Sirisomboon
et al., 2012). This trend is closely associated with tissue softening during maturation, including pectin
degradation in the middle lamella, weakening of intercellular adhesion, and reduced stiffness of the cell
wall (Goulao & Oliveira, 2008). As a result, fruit tissues become more susceptible to lateral deformation
under axial loading, leading to higher ratios of transverse to axial strain. Changes in cellular turgor may
further contribute to this response, as intracellular fluid redistribution becomes increasingly important in
mature tissues (Chen et al., 2021). Taken together, these observations suggest that changes in Poisson’s
ratio reflect a mechanical transition from a more elastic response in immature fruit to a more viscoelastic
behavior in ripened fruit, supporting its potential as a sensitive mechanical indicator of physiological
softening.

Measurement Approaches and Methodological Limitations

The approaches summarized in Table 3 show that the reliability of Poisson’s ratio data depends
strongly on the ability of the measurement system to capture axial and lateral strain simultaneously and
accurately. Among recent studies, direct methods such as static compression, uniaxial loading, and image-
based strain tracking remain the most mechanically interpretable because they are grounded in observable
deformation behavior rather than model assumptions (Fan et al., 2022a; Sirisomboon et al., 2012). In
particular, digital image correlation and optical strain analysis have improved the precision of lateral
deformation measurement in soft biological materials, where contact-based methods are often limited by
irregular geometry, local collapse, and small transverse displacement (An et al., 2022; Fan et al., 2022b).

In contrast, indirect approaches such as vibration-based testing, Rayleigh wave propagation, and
finite element simulation are useful for non-destructive assessment and engineering prediction, but they
do not independently resolve lateral strain (Arai et al., 2021; Sirisomboon et al., 2012). Their dependence
on assumed Poisson’s ratio values remains a major methodological limitation, especially when applied to
fruits with heterogeneous tissue architecture and strong viscoelasticity behavior (Zulkifli et al., 2020).
This limitation is not trivial, because modelling studies have shown that mechanical predictions, including
bruise susceptibility and deformation fields, are highly sensitive to constitutive inputs (An et al., 2022).
Therefore, Table 3 collectively suggests that future progress in this field depends less on adopting more
complex models and more on improving experimental strain measurement at biologically realistic scales.
In this context, integrated optical-mechanical systems and whole-fruit deformation tracking represent the
most promising direction for obtaining representative Poisson’s ratio values for postharvest engineering
applications (Chen et al., 2021; Fan et al., 2022b).

The ability to measure lateral strain accurately remains one of the most critical determinants in
obtaining reliable Poisson’s ratio values for horticultural materials. Unlike axial strain, which can be
estimated relatively easily from force—displacement measurements, lateral deformation is often more
difficult to quantify because it is typically small in magnitude and occurs on soft, irregular, and
mechanically unstable biological surfaces. For this reason, measurement systems capable of capturing
axial and lateral deformation simultaneously, such as digital image correlation (DIC) and dual-sensor
optical-mechanical configurations, offer clear methodological advantages (An et al., 2022; Chen et al.,
2021; Fan et al., 2022b). These approaches provide higher spatial resolution and allow deformation
behavior to be monitored directly in real time, thereby improving the reliability of Poisson’s ratio
estimation. In contrast, methods based on finite element modelling, vibration analysis, or Rayleigh wave
propagation generally rely on assumed or literature-derived Poisson’s ratio values without explicit lateral
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strain measurement (An et al., 2022; Arai et al., 2021; Sirisomboon et al., 2012). This distinction
highlights that the validity of Poisson’s ratio in fruit biomechanics depends primarily on the measurement
system’s ability to resolve transverse deformation directly. Within this context, static compression
remains one of the most practical and mechanically interpretable experimental approaches for determining
Poisson’s ratio in biological materials, particularly when combined with simultaneous axial and lateral
deformation tracking (An et al., 2022; Fan et al., 2022b).

Recent developments in viscoelastic modelling further highlight the limited experimental
grounding of Poisson’s ratio in horticultural materials. For instance, advanced fractional viscoelastic
models, such as the Caputo-based formulation, have demonstrated the ability to capture time-dependent
mechanical behavior associated with storage effects in fruits and vegetables (Mahiuddin et al., 2020).
However, in such approaches, Poisson’s ratio is typically not measured through direct axial-lateral
deformation analysis, but instead adopted from literature or assumed to complete the constitutive
formulation. This pattern reflects a broader trend in which Poisson’s ratio is treated as a fixed input
parameter rather than an experimentally validated variable. Similarly, recent studies on fruit firmness
evolution during storage have focused on predictive modelling without explicitly incorporating Poisson’s
ratio as a governing parameter (Luo et al., 2025). Collectively, these findings indicate that current
mathematical models describing fruit mechanical behavior remain highly dependent on assumed
Poisson’s ratio values, underscoring a persistent lack of direct experimental validation.

This limitation is closely linked to experimental constraints in measuring deformation in intact
fruits. Most available studies have focused on tissue-level characterization, including peel tissues of
tomato and citrus, flesh tissues of apple and carrot, and fibrous plant materials, rather than whole-fruit
systems (Khodabakhshian, 2012; Sirisomboon et al., 2012). While such approaches provide valuable
insight into localized mechanical properties, they do not fully capture the integrated deformation behavior
of intact fruits under realistic loading conditions. As a result, Poisson’s ratio values derived from isolated
tissues may not be representative of whole-fruit response, where global geometry, internal structure, and
multi-layer interactions govern deformation. This gap highlights the need for measurement systems
capable of simultaneously capturing global and lateral deformation at the whole-fruit scale to obtain
mechanically representative Poisson’s ratio values.

Priority Research Agenda

Future research on Poisson’s ratio in fruits should prioritize the development of reliable
experimental methods for direct whole-fruit measurement under realistic loading conditions. Current
evidence is largely derived from tissue-level or simplified specimens, which do not fully represent the
integrated mechanical response of intact fruits during handling, compression, or impact (Herold et al.,
2001; Sirisomboon et al., 2012). Advancing this field therefore requires measurement systems capable of
simultaneously capturing axial and lateral deformation in heterogeneous, viscoelastic biological structures
(Fan et al., 2022b). In parallel, the establishment of standardized testing protocols is essential to improve
data comparability across commodities, studies, and experimental conditions (Zulkifli et al., 2020).

In addition, Poisson’s ratio should be re-examined as a dynamic and condition-dependent parameter
rather than a fixed elastic constant. Future studies should explicitly investigate its variation with maturity,
storage time, moisture content, and tissue degradation, and integrate these changes with viscoelastic and
rheological behavior (Khodabakhshian, 2012; Mahiuddin et al., 2020). Such an approach would enable a
more mechanistically meaningful interpretation of fruit deformation and provide stronger linkage between
mechanical properties and physiological processes. At the same time, modelling studies, particularly finite
element simulations used for bruise prediction and postharvest system design, should incorporate
experimentally validated Poisson’s ratio values to improve predictive accuracy and physical realism (An
et al., 2022; Arai et al., 2021).
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Progress in fruit biomechanics will depend on treating Poisson’s ratio within an integrated,
multiscale framework that links tissue structure, deformation behavior, and engineering application. Once
experimentally validated, this parameter can strengthen constitutive modelling and improve the design of
postharvest systems aimed at reducing mechanical damage and maintaining product quality (Mahiuddin
et al., 2020; Zulkifli et al., 2020).

Research Gaps and Future Research Directions

Despite recent progress in the mechanical characterization of plant-based biological materials, the
literature reviewed in this study reveals several unresolved gaps that continue to limit the scientific and
practical use of Poisson’s ratio in fruits. The most evident gap is the scarcity of direct measurements on
intact whole fruits. Most available values have been derived from peel, flesh, core, or simplified
cylindrical tissue samples, which are useful for controlled mechanical analysis but may not adequately
represent the integrated deformation behavior of whole fruits during actual postharvest handling (Herold
et al., 2001; Li et al., 2012). This limitation is critical because bruise development, compression damage,
and handling-related stress occur at the whole-fruit scale rather than within isolated tissues (An et al.,
2022).

A second major gap concerns the lack of methodological standardization. Current studies differ
substantially in sample geometry, loading configuration, strain measurement technique, deformation
range, and data interpretation. As a result, reported Poisson’s ratio values are often difficult to compare
across commodities and experimental setups. This inconsistency weakens the reliability of inter-study
synthesis and limits the transferability of reported values into engineering design and constitutive
modelling (Sirisomboon et al., 2012; Zulkifli et al., 2020). Therefore, future work should prioritize the
development of standardized testing protocols specifically adapted to soft, viscoelastic, and geometrically
irregular horticultural materials.

Another important gap is the persistent use of assumed Poisson’s ratio values in finite element
modelling and non-destructive mechanical assessment. Although such assumptions are often made for
practical reasons, they reduce the physical validity of simulated deformation fields, bruise prediction, and
stress distribution analysis (An et al., 2022; Arai et al., 2021). This issue is particularly relevant for fruits
with strong tissue heterogeneity, high water content, and maturity-dependent softening. Future studies
should therefore move toward experimentally validated parameterization, in which Poisson’s ratio is
measured under the same biological and loading conditions used in modelling.

The literature also remains limited in explaining how Poisson’s ratio interacts with other
mechanical and rheological properties during fruit softening, storage, and ripening. Most existing studies
treat Poisson’s ratio as an isolated elastic parameter, whereas in reality it is likely coupled with changes
in viscoelasticity, water redistribution, turgor loss, and cell wall disassembly (Goulao & Oliveira, 2008;
Mabhiuddin et al., 2020). This opens an important opportunity for future research to integrate Poisson’s
ratio with time-dependent mechanical models, such as creep, stress relaxation, and viscoelastic
constitutive analysis, in order to obtain a more physiologically meaningful interpretation of fruit
deformation.

Methodologically, future advances will likely depend on improved strain-tracking systems capable
of capturing axial and lateral deformation simultaneously with high spatial and temporal resolution. In
this regard, optical measurement systems, digital image correlation, image-based deformation tracking,
and integrated dual-sensor mechanical platforms appear particularly promising (Fan et al., 2022b). Their
application to intact fruits under realistic compression or impact scenarios could substantially improve
the reliability and engineering relevance of Poisson’s ratio data.
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Progress in this field depends on moving beyond reporting Poisson’s ratio values toward
validating it as an indicator of tissue condition, deformation behavior, and damage susceptibility. This
shift would directly improve bruise prediction, finite element modelling, and the engineering of safer fruit
handling systems (An et al., 2022; Zulkifli et al., 2020).
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