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A B S T R A C T

Characterising the mechanical properties of soft materials - such as gels and biological tissues - presents sig
nificant challenges compared to conventional, stiff engineering materials like ceramics, metals, and polymers. A 
major issue identified is the considerable variability in measured properties across different techniques, or even 
between different laboratories employing the same method. This comprehensive review addressed the need for a 
thorough examination of existing techniques, their limitations, and their drawbacks. Both laboratory-based and 
clinical methods were explored, including laboratory techniques such as tensile testing, compression test, 
indentation, atomic force microscopy, and rheometry, as well as clinical methods including ultrasound elas
tography and magnetic resonance elastography. The principles of operation and the theoretical foundations 
underlying the most widely employed modalities for material and tissue characterisation were presented. The 
limitations of these techniques were detailed, and numerous studies on the mechanical properties of soft tissues 
and tissue-mimicking phantoms were reported. The mechanical properties of various soft materials identified 
using these diverse techniques were compared and evaluated. The findings highlighted a clear need for the 
development of more reliable test apparatus and standardised procedures to accurately characterise these 
properties across nano, micro, and macro scales. These findings offer a valuable resource for researchers in the 
field, facilitating informed selection of characterisation methods and promoting greater accuracy and consistency 
in future work.

1. Introduction

The knowledge of the mechanical properties of soft materials is 
needed in various fields, including tissues in medical applications and 
soft phantoms in bioengineering applications (Li et al., 2018; Nav
arro-Lozoya et al., 2019; Krivega et al., 2024; Lemine et al., 2024). For 
example, their properties are needed for simulations in the design stage 
or robot-aided surgery (Famaey and Vander Sloten, 2008), regenerative 
medicine (Carton et al., 2024), disease assessment in elastography 
(Sigrist et al., 2017), and the validation of in vivo elastography results 
(Santos et al., 2025). In general, accurate knowledge of their mechanical 
properties is important to understand the mechanics of soft tissues 
(Alekya et al., 2019; Chavan et al., 2024). Unlike conventional engi
neering materials, whose mechanical properties typically include shear 

or Young's modulus, Poisson's ratio, yield strength, and ultimate 
strength, the mechanical profile of soft materials is typically defined by 
their shear or Young's modulus (stiffness), viscosity (damping), and 
Poisson's ratio (Koruk and Rajagopal, 2024; Singh and Chanda, 2021; 
Magazzù and Marcuello, 2023; Bisht et al., 2024). Although the shear or 
Young's modulus are used to describe the stiffness of materials, many 
parameters are used to describe the damping of materials, including loss 
angle, viscosity, loss factor, and viscous damping ratio (Koruk and 
Rajagopal, 2024). It is worth noting that the stiffness and damping of 
materials can be expressed in terms of the complex modulus (storage 
modulus and loss modulus), and some techniques provide the complex 
modulus as an output parameter representing these properties (Yengul 
et al., 2019). In addition to elastic and viscous properties, tear resistance 
is a relevant metric for soft materials, particularly when assessing their 
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ability to withstand crack propagation and catastrophic failure under 
physiological or surgical loads (Yang et al., 2015; Kahle et al., 2025; 
Bircher et al., 2019). It is worth noting that materials generally 
described as soft typically have a Young's modulus in the range of 0.1 
kPa to several MPa. This range encompasses many biological tissues and 
tissue-mimicking phantoms (McKee et al., 2011; Liu et al., 2015).

Characterisation of the mechanical properties of conventional stiff 
engineering materials, including ceramics, metals, and polymers, is 
relatively straightforward. Techniques, such as tensile testing, are 
commonly employed to quantify key mechanical properties, such as 
Young's modulus, yield strength and ultimate strength. Furthermore, the 
differences in the mechanical properties of these traditional engineering 
materials measured using different techniques across different labora
tories can be quite low. However, identifying the mechanical properties 
of soft materials, such as gels and tissues, presents significant challenges. 
This complexity arises due to several factors: (i) Unlike traditional en
gineering materials that can be safely assumed to be elastic, soft mate
rials exhibit both elastic and viscous properties, and they need to be 
considered as viscoelastic structures (Islam et al., 2020; Koruk et al., 
2024). However, depending on the viscoelastic model used, different 
mechanical properties can be obtained for the same material. (ii) Low 
force levels for the deformation of soft materials are needed to extract 
their mechanical properties (Czerner et al., 2015; Wu et al., 2018). 
Therefore, other force sources, such as friction and intermolecular 
forces, must be considered in the mathematical model. However, these 
forces depend on numerous factors, such as the positioning and prop
erties of the sample, making it difficult to model them accurately. (iii) 
Some techniques for characterising soft materials require the use of 
small samples (Nayar et al., 2012; Slouf et al., 2020). As a result, these 
fragile samples can be quite difficult to prepare, and their dimensional 
tolerances can cause significant errors in the defined mechanical prop
erties. (iv) Unlike traditional stiff materials that are durable and easy to 
use under different conditions, the mechanical properties of soft mate
rials depend on various environmental factors (e.g., temperature and 
humidity), excitation (e.g., frequency), and operator skill (Wu et al., 
2018; Mishra and Cleveland, 2024; Shahmirzadi and Hsieh, 2010). 
Overall, the variability in the mechanical properties of soft materials 
identified using different techniques or the same technique across 
different laboratories can be significantly high (Wu et al., 2018; Nayar 
et al., 2012; Polio et al., 2018; Żmudzińska et al., 2018).

There are several conventional techniques for the identification of 
the mechanical properties of soft materials in the laboratory: tensile test, 
compression test, indentation, atomic force microscopy (AFM), and 
rheometry. Although the tensile test is a traditional mechanical test for 
conventional engineering materials, it has been used to determine the 
mechanical properties of soft materials as well (Chow and Zhang, 2011; 
Cooney et al., 2015; Sudres et al., 2021; Kriener et al., 2023; Illi et al., 
2023). Compression testing is commonly used in various engineering 
applications to determine mechanical behaviours of materials under 
compressive loading and has found use in the mechanical characteri
sation of some soft materials (Cloyd et al., 2007; Lyshchik et al., 2005; 
Yu et al., 2020; Ledoux and Blevins, 2007; Song et al., 2007). Indenta
tion has been used for the mechanical characterisation of all types of 
materials including metals and ceramics and later has been used for the 
mechanical characterisation of many soft materials (He et al., 2024; Yoo 
et al., 2011; van Hoorn et al., 2016; Herbert et al., 2008; Delaine-Smith 
et al., 2016). AFM has been used to measure mechanical behaviours of 
various materials at precise sample locations, in very small volumes and 
at shallow depths, including micro and nano structures such as living 
cells and cell organelles (Cohen and Kalfon-Cohen, 2013; Owen, 2023; 
Kuznetsova et al., 2007; Dufrêne et al., 2017; Efremov et al., 2020; 
Chang et al., 2021). In contrast to aforementioned techniques, visco
metry/rheometry is used to identify the mechanical properties of only 
viscous fluids and soft materials (Mishra and Cleveland, 2024; Ghanbari 
et al., 2020; Jóźwiak and Boncel, 2020; Stojkov et al., 2021; Chen et al., 
2010; Sander et al., 2017; Hou and Kassim, 2005). In addition to these 

techniques used in the laboratory, there are some techniques used in the 
clinic for the assessment of the mechanical properties of soft tissue, 
including ultrasound elastography (Sigrist et al., 2017; DeWall, 2013; 
Jeong et al., 2014) and magnetic resonance elastography (Zhang et al., 
2020; Li et al., 2022; Kennedy et al., 2022). Beyond common methods, 
several specialised techniques have been used to identify the mechanical 
properties of soft materials and cells, including pipette aspiration, 
pressure myography, scanning acoustic microscopy, cavitation rheom
etry, optical coherence elastography (OCE), optical stretching, cellular 
shear wave elastography (cSWE), acoustic force spectroscopy (AFS), cell 
monolayer rheometry, magnetic twisting cytometry (MTC), and 
particle-tracking microrheometry.

It should be noted that each identification method has its own ad
vantages and limitations. Existing literature on the mechanical charac
terisation of soft materials has largely offered only partial reviews of the 
experimental techniques used to determine the mechanical properties of 
soft materials (Alekya et al., 2019; Akhtar et al., 2011; Navindaran et al., 
2023; Oyen, 2014). The prior studies often fail to explore the specific 
drawbacks and limitations of various techniques in detail, and a 
comprehensive comparison of the mechanical properties identified 
through these different methods has been notably absent. This study fills 
these gaps by (1) systematically reviewing a wide array of techniques for 
identifying soft material properties; (2) an explanation of their under
lying theoretical foundations; (3) reporting a large number of studies 
that explored the mechanical properties of various soft tissues and 
tissue-mimicking phantoms; (4) exploring in detail their inherent limi
tations and practical drawbacks; and (5) comparing and evaluating the 
resulting mechanical properties obtained from different methods. In this 
comprehensive review, Sections 2.1 to 2.8 outline a brief overview of the 
operating principles and underlying theories of the most used laboratory 
techniques - such as tensile testing, compression testing, indentation, 
atomic force microscopy, and rheometry - as well as clinical methods, 
including ultrasound elastography and magnetic resonance elastog
raphy. Furthermore, these sections explore the specific drawbacks and 
practical limitations inherent to each technique. Section 2.9 provides a 
concise overview of additional characterisation techniques, while Sec
tion 2.10 discusses tissue nonlinearity and the requirement for advanced 
mathematical modelling. In addition to summarising the limitations of 
various techniques, Section 3 compares and evaluates the mechanical 
properties of various soft materials measured by different identification 
techniques and discusses a metrological roadmap for standardised soft 
tissue characterisation. The main conclusions are listed in Section 4. The 
findings presented in this study offer a valuable resource for researchers 
in the field, facilitating informed selection of characterisation methods 
and promoting greater accuracy and consistency in future work.

2. Identification methods

Sections 2.1 through 2.8 survey common laboratory and clinical 
techniques, including atomic force microscopy and ultrasound elastog
raphy. Section 2.9 details additional specialised methodologies, while 
Section 2.10 addresses broader mechanical considerations such as tissue 
nonlinearity. Schematics of various common techniques are presented in 
Fig. 1.

2.1. Tensile testing

The most common parameters measured in tensile or tension testing 
(Fig. 1a) for soft materials are the Young's modulus and Poisson's ratio. 
In this method, a sample is placed between two fixtures (grips) that 
clamp the sample. First, the sample's dimensions - length, thickness, and 
width (or diameter in the case of a circular cross-section) - are measured. 
Then an axial force F is applied to the sample at one end whereas the 
other end is fixed. The change in length of the sample is measured by 
increasing the force until a predetermined strain is reached or the 
sample breaks. The tensile stress is calculated using σ = F/A0 where A0 
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is the cross-sectional area of the sample before the start of loading. The 
corresponding axial strain is determined using ε = ΔL/L0 where L0 is the 
initial length of the sample and ΔL is the elongation of the sample. 
Overall, the Young's modulus (E) and Poisson's ratio (v) of the material 
are determined from the linear part of the stress-strain curve using the 
following equations (Innocenti et al., 2018): 

E=
σ(ε)

ε (1) 

v= −
εtransverse

ε (2) 

where εtransverse = ΔD/D0 is the transverse strain of the material, which is 
the change in the lateral dimension or width of the material (ΔD) 
divided by its original width (D0). The shear modulus can be calculated 
using the equation G = E /[2(1+v)] (Koruk, 2021). If needed, other pa
rameters such as the yield strength (the maximum stress that can be 
applied before permanent shape change is achieved) and ultimate 
strength (the maximum stress a sample can withstand without breaking) 

can be calculated using the stress-strain curve. It is worth noting that 
there are no universal standard protocols specifically for soft tissues. 
Tensile testing often utilises dumbbell specimens - typically an overall 
length of 115 mm, a gauge length of 25 mm, and a thickness of 2-3 mm - 
following standards (ISO 37-2024, 2024; ASTM D412-16, 2021) to 
ensure valid failure occurs within a defined gauge length while mini
mising stress concentrations at the grips.

It should be noted that σ and ε are the engineering stress and strain 
that are referred to sample dimensions before the start of loading (i.e., 
A0 and L0). Especially for large deformations in the elastic region, the 
true stress and strain given by σtrue = σ⋅ln(1+ε) and εtrue = ln(1+ε) can 
be used in Equations (1) and (2) for determining material properties 
(Duprey et al., 2010), where ln represents the natural logarithm. It 
should be noted that using an external extensometer to directly measure 
the strain on the sample is quite common (Lim et al., 2011); this elim
inates measurement influences from other test components and in
creases accuracy. Although the uniaxial tensile test is commonly used in 
practical applications, the biaxial tensile test has been used to determine 
mechanical properties of some soft materials (Jiang et al., 2021; 

Fig. 1. Schematics for (a) tensile testing, (b) compression testing, (c) spherical indentation, (d) atomic force microscope, (e) torsional rheometer, and (f) optical 
coherence elastography.
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Yohsuke et al., 2011). The biaxial tensile test involves applying forces to 
the sample in two perpendicular directions, making it more complex 
than the uniaxial tensile test. Similarly, static or quasi-static tensile 
testing is predominantly used for the characterisation of soft materials. 
However, dynamic tensile testing - which involves subjecting a spec
imen to rapidly varying loading rates rather than a constant force - has 
also been employed to investigate the dynamic behaviour of certain soft 
materials under high loading rates (Lim et al., 2011; Nie et al., 2009). 
Strain rate is typically less than 10− 5 s− 1 for static tests, ranges from 
10− 5 s− 1 to 10− 1 s− 1 for quasi-static tests, and ranges from 10 s− 1 to 104 

s− 1 for dynamic tests (Nie et al., 2009; Su et al., 2022; Griffin et al., 
2016).

Biaxial tensile tests are employed to characterise the mechanical 
properties of anisotropic biological tissues such as skin, heart valves, and 
blood vessels (Takada et al., 2023; Ross et al., 2026; Laurence et al., 
2023). These tissues exhibit different mechanical responses depending 
on the direction of the applied force, and testing in multiple axes 
simultaneously captures this complex, directional behaviour more 
accurately than standard uniaxial tests (Ayyalasomayajula and Skal
lerud, 2022; Sacks and Sun, 2003). The deformation in each direction 
can be independently controlled, allowing the application of various 
loading protocols, such as equal biaxial, unequal biaxial, or off-axis 
stretches. This capability enables a more complete assessment of the 
tissue's directional mechanical response and provides the stress-strain 
data required to identify material parameters for anisotropic constitu
tive models (Fehervary et al., 2016). It is worth noting that various 
constitutive models for anisotropic materials have been established 
(Holzapfel and Ogden, 2010; Gasser et al., 2006; Holzapfel et al., 2000), 
while the adoption of non-contact extensometry has improved strain 
measurement precision in biaxial tensile testing. Integrating these 
theoretical models with advanced experimental methods has facilitated 
innovative characterisation of biological tissue properties. Specifically, 
digital image correlation (DIC) has emerged as a robust, full-field optical 
technique for quantifying surface deformation without specimen contact 
(Fagerholt et al., 2013; Alberini et al., 2024; Ashkenazi et al., 2026). DIC 
is particularly effective for soft, hydrated tissues because it captures 
heterogeneous strain fields and eliminates measurement errors caused 
by grip compliance or slippage (Ning et al., 2010; He et al., 2020).

Tensile testing of soft and collagen-rich tissues may exhibit apparent 
stiffening behaviour, particularly under cyclic or repeated loading. 
Experimental studies have shown that cyclic tensile deformation can 
lead to a progressive increase in the effective stiffness and strength of 
collagenous substrates, even in the absence of cellular activity (Chen 
et al., 2018). Such stiffening has been attributed primarily to changes in 
the mechanical properties of individual collagen fibrils rather than to 
alterations in the overall anisotropic structure of the fibril network. 
These findings indicate that mechanical loading can modify the stiffness 
and failure characteristics of collagen fibril networks through passive 
chemomechanical processes, complementing active biological remod
elling mechanisms. Recognition of these stiffening effects is essential for 
the interpretation of tensile mechanical data and for understanding the 
history-dependent behaviour of soft connective tissues (Chen et al., 
2018).

Tensile testing has been used to quantify the mechanical behaviours/ 
properties of various soft materials, including bovine artery (Chow and 
Zhang, 2011), porcine linea alba (Cooney et al., 2015), porcine Achilles 
tendon and human patellar tendon (Innocenti et al., 2018), the cervical, 
thoracic and lumbar porcine spinal meninges (Sudres et al., 2021), 
porcine cardiovascular tissues, diseased arterial tissue (Walsh et al., 
2014), porcine aorta (Famaey et al., 2026), tissue-mimicking silicone 
and 3D-printed phantoms (Illi et al., 2023), and human abdominal wall 
(Kriener et al., 2023). In addition, biaxial testing has been employed to 
determine the mechanical properties of a range of anisotropic tissues, 
including aortic walls (Niestrawska et al., 2016), and mitral valve leaf
lets (Sadeghinia et al., 2022; Laville et al., 2020). However, the tensile 
test has some drawbacks and limitations, especially for fragile soft 

samples. It is generally difficult to prepare proper samples with the 
desired shape and dimensions (Kang et al., 2023; Pei et al., 2021; 
O'Leary et al., 2013a); noting that the value of the cross-sectional area of 
the sample affects the calculated stress. The ends of the sample can be 
damaged (Kang et al., 2023; Jiang et al., 2020) because of the gripping 
force; this problem is obvious especially for substantially soft samples. 
On the other hand, a relatively low gripping force leads to sample 
slippage, which causes greater incorrect strain values (Jiang et al., 2020; 
Scholze et al., 2018, 2020). The misalignment of grips (Kang et al., 2023; 
Ahearne and Liu, 2008) can produce a complicated loading field that is 
not considered in the calculation of material properties. The applied 
forces at the loading clamps do not transmit fully to the region of interest 
and this can produce improper material properties in biaxial tensile test 
if they are not accounted for (Jacobs et al., 2013). Overall, errors and 
uncertainties in biaxial testing arise from stress concentrations at clamps 
or hooks, measurement mismatches between disparate regions, geo
metric sample variations, and localised strain field fluctuations 
(Slazansky et al., 2016). If not properly accounted for, axial and radial 
inertia effects frequently observed in dynamic tensile tests can result in 
inaccurate material property measurements (Nie et al., 2009).

2.2. Compression testing

The compression testing (Fig. 1b) follows the same basic principle as 
tensile testing, and the material properties are calculated using the same 
procedure presented in Section 2.1. However, in a compression test, the 
sample is not gripped, instead it is placed between two flat plates for 
compressive loading. The sample can be either between two imperme
able platens (unconfined compression test) or within an impermeable 
chamber that involves the use of a porous indenter (or impermeable 
indenter with porous chamber) to allow for fluid flow out of the sample 
(confined compression test) (Patel et al., 2019). The compression test 
can be performed under static or quasi static and dynamic loading (Song 
et al., 2007). It is important to emphasise that no single international 
standard exists specifically for the compression of biological soft tissues. 
Compression testing typically employs cylindrical specimens with a 
diameter of 28.6 mm and a thickness of 12.5 mm (ASTM D575-91, 2024) 
to maintain a uniform stress state and prevent specimen buckling during 
deformation.

Compression testing has been used to measure the mechanical be
haviours/properties of various soft materials, including human thyroid 
tissue (Lyshchik et al., 2005), human plantar soft tissue (Ledoux and 
Blevins, 2007), human nucleus pulposus, hydrogels and tissue engi
neering scaffolds (Cloyd et al., 2007), and porcine spinal cord grey and 
white matter (Yu et al., 2020). However, many factors influence the 
quality of the results of a compression test. The quality and integrity of 
the sample surface can cause error in strain measurements and the value 
of the cross-sectional area of the sample affects the calculated stress 
(Jokinen, 2017). The sample's cross-sectional surface should be flat and 
parallel to ensure uniform axial loading; a slight misalignment may 
cause initial non-uniform stress distribution, resulting in strain inaccu
racy (Oroszlany et al., 2015). The surface of the sample can be damaged 
because of scratching, cutting, and punching (Carlsson et al., 2014). 
Friction generated at the specimen/platen interface due to the adhesive 
property and viscoelasticity of soft samples adversely affect the accuracy 
of the stress-strain recordings, resulting in an error in stress (Rashid 
et al., 2012; Wu et al., 2004; Yang et al., 2018). If the contact between 
plates and sample does not hold the sample still, the sample moves 
during testing (Jokinen, 2017). Although it is rare during the compres
sion testing of soft materials, the sample can buckle if the ratio of the 
sample length to diameter is large (Torres et al., 2014). Inertia effects 
present in dynamic compression tests can lead to inaccurate material 
property measurements if they are not properly considered (Liu et al., 
2024).
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2.3. Indentation

Indentation tests have been used for the mechanical characterisation 
of all types of materials including metals and ceramics, and later for the 
mechanical characterisation of soft materials including biological tissues 
(Argatov and Mishuris, 2018). In an indentation test (Fig. 1c), a hard 
indenter of known mechanical properties is pushed into a flat surface of 
a sample, and the mechanical properties of the sample are inferred from 
the size of the imprint or the penetration depth measured as a function of 
loading force/time. There are two fundamental types of indentation 
testers: non-instrumented and instrumented, and three main types of 
indentation tests: static, quasi-static, and dynamic (Slouf et al., 2020). In 
a non-instrumented indentation test, the hardness of the sample is 
determined from the size of the imprint on the sample surface after 
unloading (static test). In an instrumented indentation test, the pene
tration depth is recorded as a function of loading force, such as a trap
ezoidal force input (quasi-static test) or a trapezoidal force input 
oscillating with a defined frequency (dynamic test). The mechanical 
properties of the sample are determined from the recorded 
load–displacement curves in quasi-static and dynamic tests. It is worth 
noting that strain rate typically is less that 10− 4 s− 1 (or held at constant 
strain for several minutes), ranges from 10− 4 to 10− 1 s− 1, and ranges 
from 1 to 100 s− 1 for static, quasi-static, and dynamic tests, respectively 
(Su et al., 2022; Zhu et al., 2025; Antonovaite et al., 2018). The me
chanical properties of materials can be determined across different 
scales -macroscale (macro-indentation), microscale (micro-indentation) 
and nanoscale (nano-indentation) - by using an indentation tester 
together with indenters of varying sizes and shapes, such as conical and 
spherical designs (Herbert et al., 2008).

Based on the nature of the force applied to the indenter, the math
ematical model employed to simulate the sample and the shape of the 
indenter, various mathematical models are used to extract the me
chanical properties in indentation tests (Slouf et al., 2020; van Hoorn 
et al., 2016; Herbert et al., 2008; Cohen and Kalfon-Cohen, 2013; 
Argatov and Mishuris, 2018; VanLandingham, 2003). Although the 
non-instrumented indentation is commonly used for conventional stiff 
engineering materials (Oliver and Pharr, 1992), the instrumented 
indentation has been mostly used to determine the viscoelastic proper
ties of soft materials (van Hoorn et al., 2016; Herbert et al., 2008; Cohen 
and Kalfon-Cohen, 2013; Cao et al., 2011). This section presents com
mon mathematical approaches used to identify the elastic and visco
elastic properties of soft materials.

The equation used to fit the force–indentation data depends on the 
shape of the indenter. For spherical indenters and small indentation 
depths (δ) compared to the indenter's radius (R) - typically δ/ R < 0.1 
(Holzapfel et al., 2000) - the applied force f on the sample surface is 
given by the Hertz equation (Koruk, 2021): 

f =
4
3
EreducedR1/2δ3/2 (3) 

where Ereduced =

(
1− v2

sample
Esample

+
1− v2

tip
Etip

)− 1 

is the reduced Young's modulus; 

Esample and vsample, Etip and vtip being the Young's moduli and Poisson's 
ratios of the sample and tip, respectively. When testing soft materials, 
the tip is several orders of magnitude stiffer than the sample, hence the 
reduced Young's modulus becomes Ereduced =

Esample
1− v2

sample 
(Wenger et al., 

2007). In addition, the accurate equation for deep spherical indentations 
was derived by Sneddon (Sneddon, 1965; Maghsoudy-Louyeh et al., 
2018) and is provided below: 

f =
Esample

2
(

1 − v2
sample

)

[
(
a2 +R2)ln

(
R + a
R − a

)

− 2aR
]

(4) 

δ=
1
2

a ln
(

R + a
R − a

)

(5) 

where a is the contact radius between the indenter and the sample. 
Equations (4) and (5) are accurate for any indentation depth; however, 
their use for data processing is challenging since they do not directly 
relate the applied force to the indentation depth. A simple alternative to 
the Sneddon model has been recently developed to streamline the data 
processing (V Kontomaris and Malamou, 2021). Force–indentation data 
obtained using conventional pyramidal indenters are usually processed 
using Sneddon's equation for conical indenters (Santos et al., 2012).

The Young's modulus of a viscoelastic material can be represented by 
a complex (or dynamic) quantity, having both the storage and dissipa
tive energy components. The stress and strain as complex quantities can 
be written as follows: 

σ(t)= σ0ejωt = σ0[cos(ωt)+ j sin(ωt)] (6) 

ε(t)= ε0ej(ωt− ϕ) = ε0[cos(ωt − ϕ)+ j sin(ωt − ϕ)] (7) 

where σ0 and ε0 are the stress and strain amplitudes, respectively. 
Hence, the complex Young's modulus E∗ of the material can be written as 
follows: 

E∗ =
σ0ejωt

ε0ej(ωt− ϕ) =
σ0

ε0
cos(ϕ) + j

σ0

ε0
sin(ϕ) = Eʹ + jEʹ́ (8) 

where Eʹ is the storage Young's modulus, and Eʹ́  is the loss Young's 
modulus. The storage Young's modulus is related to the elastic behavior 
of the material, and the loss Young's modulus is related to the viscous 
behaviour of the material.

A modulated force f(t) = f0 sin (ωt) results in a displacement oscil
lation at the same frequency, given by δ(t) = δ0 sin(ωt − Δ). Hence, the 
dynamic in-phase and out-of-phase equations can be re-written in terms 
of experimental observables as follows (Herbert et al., 2008; Cohen and 
Kalfon-Cohen, 2013): 

Eʹ=
f0

δ0

̅̅̅
π

√

2β
̅̅̅̅
A

√
(
1 − v2)cos(Δ) (9) 

Eʹ́ =
f0

δ0

̅̅̅
π

√

2β
̅̅̅̅
A

√
(
1 − v2)sin(Δ) (10) 

where f0 is the steady-state modulated force amplitude, δ0 is the 
resulting modulated displacement amplitude, Δ is the angular phase 
shift between the applied force and the measured displacement, v is the 
Poisson's ratio, A is the projected contact area, and β is a constant related 
to the geometry of the contact; β = 1 for circular flat punch, sphere and 
cone and β = 1.034 for a Berkovich indenter. The contact area A is not 
an observable; however, it can be derived by calibrating the indenter 
(Cohen and Kalfon-Cohen, 2013). The Poisson's ratio v is assumed to be 
known. The inertial contribution of the sample is assumed to be negli
gible compared to that of the testing system (Herbert et al., 2008). It 
should be noted that when Eʹ́ = 0, then Eʹ takes the place of the ordinary 
Young's modulus E.

In the mechanical characterisation of soft materials including bio
logical tissues, relaxation phenomena are an inherent part of the 
observed response. Under compressive loading and during rheological 
testing, time-dependent effects such as stress relaxation and creep arise 
from the viscoelastic nature of the material, resulting in changes in the 
measured stress or deformation over time. These effects influence the 
apparent stiffness and must be considered when interpreting mechanical 
parameters, particularly as a function of loading rate or hold duration. In 
this context, ramp-hold indentation is commonly employed, in which 
the indenter is driven at a constant velocity to a prescribed depth and 
subsequently held at constant displacement. The hold phase permits 
direct observation of stress relaxation, enabling assessment of the time- 
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dependent viscoelastic response that cannot be captured through purely 
dynamic or oscillatory indentation methods. In the ramp-hold indenta
tion protocol, the indentation depth δ(t) is defined as a piecewise 
function of time t (Qiu et al., 2018): 

δ(t)=
{

υit (0 ≤ t ≤ tR)
δmax (tR ≤ t) (11) 

where υi is the indentation velocity, δmax = υitR is the maximum 
indentation depth, and tR is the indentation ramp time. Applying the 
correspondence principle for viscoelastic materials, a two-term Prony 
series G(t) is employed to describe the time-dependent shear modulus in 
place of the shear modulus G (Qiu et al., 2018, 2020; Chen et al., 2021): 

G(t)=C0 +
∑2

i=1
Cie

−
t
τι (12) 

The coefficients C0,Ci, and τi represent the model's parameters, from 
which the instantaneous (G0) and long-term shear moduli (G∞) are 
obtained: 

G0 =G(0) = C0 +
∑2

i=1
Ci,G∞ = C0 (13) 

The applied force when using a flat punch indenter with radius R is 
determined as follows (Qiu et al., 2018, 2020): 

f =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

8RXυi

⎡

⎣C0t −
∑2

i=1
τiCι

⎛

⎝e−
t
τi − 1

⎞

⎠

⎤

⎦, 0 ≤ t ≤ tR

8RXυi

⎡

⎣C0tR +
∑2

i=1
τiCιe

−
t
τι

(

e
tR
τi − 1

)
⎤

⎦, tR ≤ t

(14) 

where X denotes a polynomial correction factor that compensates for the 
effects of finite substrate thickness.

In addition to analytical contact models, inverse finite element (FE) 
analysis (Ayyalasomayajula et al., 2024) has emerged as a powerful and 
flexible approach for extracting material parameters from indentation 
experiments, particularly in the case of ultra-soft and hyperelastic bio
logical materials where closed-form solutions are often unavailable. In 
this context, inverse finite element analysis is formulated as an iterative 
procedure in which a numerical model of the indentation experiment is 
constructed using the same indenter geometry, boundary conditions, 
and loading protocol as those employed experimentally. The material 
response could be described through a selected hyperelastic constitutive 
model (e.g., neo-Hookean or Ogden) (Bonet, 2001), and an initial set of 
material parameters is assumed. The indentation process is then simu
lated numerically to generate a force-displacement curve, which is 
compared with the corresponding experimental response. The material 
parameters are subsequently adjusted in an automated manner to 
minimise the discrepancy between the simulated and experimental 
force-displacement curves, until optimal agreement is achieved, thereby 
allowing the effective material properties to be identified.

Indentation techniques have been used to determine the mechanical 
properties of various soft materials in macro, micro or nano scales, 
including bovine ocular tissues (Yoo et al., 2011), hydrogels (Toohey 
et al., 2016), rodent kidney, liver, spleen and uterus (Wu et al., 2020), 
porcine brain tissue (Li et al., 2020), and brain phantom (Yakovenko 
et al., 2021). Although indentation tests are less invasive and can pro
vide localised material properties – unlike tensile and compression tests 
– they also have inherent limitations and shortcomings. The mathe
matical model used to simulate the sample is based on various as
sumptions and hence those assumptions will result in some kind of 
uncertainties in the identified mechanical properties (Wu et al., 2020). 
The reliability of the indentation technique is worse in relatively small 
and thin samples (Wu et al., 2016, 2020; Rubiano et al., 2019). A 

misalignment of the indenter tip can result in a change in the measured 
reaction force, and this can lead to an error in the identified material 
properties (Marinopoulos et al., 2023). The effect of friction on the 
identified mechanical properties can be significant, especially for a large 
aspect ratio (i.e., ratio of the indenter radius to the sample thickness) 
and a large Poisson's ratio (Lyashenko et al., 2024; Zhang et al., 1997). 
The roughness of sample surface and/or non-flat sample surface can 
introduce an error in determining the contact area and thus in the 
identified material properties (Kim et al., 2006; Chandran et al., 2018). 
Samples can get damaged, especially if the size and type of the indenter 
is not suitable for the sample (Lyashenko and Borysiuk, 2022). In 
addition, the inertia of the system components and the sample involved 
in motion could affect the identified material properties in case of dy
namic loading (Koruk, 2022; Mijailovic et al., 2018; Esteki et al., 2020).

2.4. Atomic force microscopy

Atomic force microscopy (AFM) is a powerful tool that combines 
nanoscale imaging with the determination of mechanical properties 
through the nanoindentation method. However, an atomic force mi
croscope contains additional components, such as a laser, making it 
more complicated due to its various operational modes, and the size of 
the indenter is smaller compared to conventional indentation (Liu et al., 
2020; Radmacher, 2007). In the AFM, a micro- or nano-sized tip 
attached to a cantilever beam is used to probe the mechanical properties 
of a sample (Fig. 1d). The cantilever beam behaves as a spring during 
interactions with the surface of the sample and its bending deflections 
are measured by a laser beam. It is important to note that AFM is more 
suitable for indentation experiments of soft materials (Wenger et al., 
2007; Lekka et al., 1999; Plodinec et al., 2012; Krieg et al., 2018). 
Various mathematical models including Hertz, Sneddon, 
Derjaguin-Muller-Toporov, and Johnson-Kendall-Roberts are used in the 
AFM to identify the mechanical properties of the sample (Owen, 2023; 
Maghsoudy-Louyeh et al., 2018). Although the Hertz (Denisin and 
Pruitt, 2016) and Sneddon (Smolyakov et al., 2016) models presented in 
Section 2.3 are commonly used in practice, they do not consider the 
adhesive contribution (Krieg et al., 2018).

An important issue when dealing with AFM nanoindentation of soft 
samples is related to the validity of Sneddon's equation (Equations (4) 
and (5)) due to the round tip apex of the indenter. Typical AFM tips have 
a tip radius in the range of 20 nm to 60 nm. To account for the rounded 
apex of the tip for shallow indentations, accurate equations for data 
processing have already been developed. For example, the following 
equations are used for a sphero-conical indenter (Briscoe et al., 1994): 

f =
2Esample

(
1 − v2

sample

)

{

aδ −
a2

2 tan(θ)

[
π
2
− arcsin

(
b
a

)]

−
a3

3R

+
(
a2 − b2)1/2

(
b

2 tan (θ)
+

α2 − b2

3R

)} (15) 

δ+
a
R

[(
a2 − b2)1/2

− a
]
−

a
tan(θ)

[
π
2
− arcsin

(
b
a

)]

= 0 (16) 

where θ is the cone's semi angle and b = R cos(θ) is the transition radius 
between the spherical and the conical parts of the indenter. In addition, 
a is the contact radius and R denotes the radius of the spherical apex of 
the indenter. Equations (15) and (16) are valid for a > b. Similar 
equations have been proposed for pyramidal tips (Rico et al., 2005). In 
practice, Equations (15) and (16) do not provide a direct relationship 
between the applied force and the indentation depth to streamline the 
data processing. Simplified alternatives to these models have been 
developed to facilitate more efficient data processing (Kontomaris et al., 
2022, 2024). Equations (15) and (16) consider the sample as an elastic 
half-space; it is assumed that the sample's thickness is significantly larger 
than the indentation depth, so the rigid substrate does not influence the 
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results. According to Buckle's rule, the indentation depth should not 
exceed 5–10% of the sample's thickness to avoid the influence of the 
substrate (Stolz et al., 2004; Persch et al., 1994; Baldwin et al., 2020). 
For large indentation depths or thin samples, appropriate corrections in 
terms of polynomial functions have been derived in the literature. These 
functions depend on the indenter's geometry, the indentation depth, the 
sample's thickness, the Poisson's ratio and whether the sample is bonded 
to the substrate or not (Santos et al., 2012; Garcia and Garcia, 2018; 
Gavara and Chadwick, 2012; Dimitriadis et al., 2002). Another key 
challenge in AFM nanoindentation is the heterogeneity of the tested 
samples at the nanoscale. Biological materials are highly heterogeneous 
at this scale; however, the equations presented above are valid for ho
mogeneous materials. The heterogeneity of the tested material in the 
horizontal (x − y) plane can be easily evaluated using conventional 
Young's modulus maps (Kontomaris et al., 2023a). However, the limi
tation of this approach is that it does not account for the 
depth-dependent mechanical properties of the material. To account for 
the depth-dependent mechanical properties of the material, ‘average 
Young's modulus functions' have been introduced (Kontomaris et al., 
2021).

The amount of force applied to the sample can be calculated using 
f = keze where ke is the equivalent spring constant of the cantilever 
beam and ze is the equivalent deflection of the beam producing the 
deformation δ. Overall, the mechanical properties (e.g., the Young's 
modulus) of the sample are determined by fitting the force-displacement 
curve to the mathematical model (e.g., Equations (15) and (16)). AFM 
has been used to investigate numerous soft materials, including 
epithelial cells (Shigemura et al., 2023), agarose gels, fibroblasts, and 
breast cancer cells (Kontomaris et al., 2023b), single yest cells (Chang 
et al., 2021), and lipid membranes (Eid et al., 2021), producing results of 
major significance.

Although both macro- and nano-indentation often rely on Hertzian 
contact mechanics, they differ fundamentally in application. Macro- 
scale indentation assumes material homogeneity and isotropy to mea
sure averaged bulk behaviour. Conversely, nanoscale testing - especially 
of biological samples - reveals significant spatial and depth-dependent 
heterogeneity. This requires generating spatially resolved Young's 
modulus maps and utilising specialised data-processing models 
(Kontomaris et al., 2023a) to characterise mechanical properties as a 
function of indentation depth (Kontomaris et al., 2021, 2023b; Ding 
et al., 2018).

In AFM measurements, the elastic modulus derived from fitting 
represents an apparent or average value (Kontomaris et al., 2021, 
2023b; Ding et al., 2018). This occurs because the inherent heteroge
neity of biological materials causes mechanical properties to vary with 
indentation depth. For soft samples like cells and tissues, indentation 
typically ranges from 100 nm to 2 μm (Ding et al., 2018; Wong et al., 
2023; Pogoda et al., 2012). Therefore, the resulting analysis is highly 
sensitive to the specific depth applied in indentation-based methods 
including AFM. While traditional AFM indentation is time-intensive, the 
force scanning method introduced by Darling (2011) offers a 
high-throughput alternative for mechanical mapping. In this approach, 
a series of topographical images are captured at varying setpoint forces, 
representing progressive sample indentations. The force range is cali
brated through preliminary tests to ensure valid deformation. By 
reconstructing force-indentation curves from specific spatial locations 
across the image stack, the Young's modulus can be derived from the 
slope of the linearised Hertz relationship, eliminating the need for 
explicit contact point determination and drastically reducing total 
scanning time.

In nanoindentation experiments on soft samples, particularly bio
logical materials, the sample preparation and measurement protocol 
play a critical role in the reliability of the extracted mechanical pa
rameters (Kim et al., 2025). Biological samples are ideally measured in a 
liquid environment, where their native hydrated state is preserved and 
their response is inherently viscoelastic. Despite this, in many 

AFM-based nanoindentation studies, data processing relies on classical 
contact mechanics models derived for linear elastic materials, such as 
the Hertz model. This apparent inconsistency is commonly addressed by 
performing measurements under conditions that minimise viscoelastic 
contributions. In particular, the use of low ramp frequencies (typically in 
the range of 1-2 Hz) has been shown to significantly reduce 
time-dependent effects, allowing the mechanical response to be 
approximated as quasi-elastic (Yang et al., 2009; Guz et al., 2014; 
Gavara, 2017). Under such conditions, viscoelastic dissipation is mini
mised, which can be experimentally verified by the reduction of hys
teresis between the loading and unloading force-indentation curves. 
Therefore, when classical elastic models are employed for data analysis, 
it is necessary to perform preliminary tests to determine an appropriate 
ramp frequency at which the force-indentation response exhibits mini
mal hysteresis. This procedure effectively acts as a preconditioning and 
validation step, ensuring that the subsequent analysis reflects a stabi
lised, approximately linear mechanical behaviour of the sample.

Fig. 2 presents representative force-indentation curves for a human 
fibroblast, utilising open-access data from (Hermanowicz et al., 2014). 
These measurements were conducted at 37 ◦C under humidified con
ditions (5% CO2) using a Veeco probes AFM cantilever featuring a 20 nm 
nominal tip radius, a 25◦ half-opening angle, and a spring constant of 
0.01 N/m (calibrated via the thermal tune method). A Poisson's ratio of 
0.5 was assumed for all calculations. In Fig. 2a, data from the central 
region of the cell were fit using Sneddon's model, resulting in a Young's 
modulus of 8.2 kPa. Conversely, Fig. 2b illustrates the substrate effect on 
data acquired at the cell edge. While a standard Sneddon fit (curve 1) 
yielded an inflated modulus of 23.7 kPa, applying the Garcia and Garcia 
model (Garcia and Garcia, 2018) (curve 2) accounted for the underlying 
substrate influence to provide a more accurate modulus of 13.1 kPa.

Although the AFM can be used to investigate the structural and 
nanomechanical properties of structures at high spatial resolution in 
physiologically relevant conditions (Yurtsever et al., 2021), it has its 
own disadvantages and limitations. Like the conventional indentation, 
the mathematical model used to simulate the sample is based on various 
assumptions and hence those assumptions could produce an error in the 
identified mechanical properties (Efremov et al., 2020). Additionally, as 
a small structure of micro-scale, interaction forces like van der Waals 
force, surface stress, electrostatic force and residual stress can have 
significant influence on the AFM deflection and thus on the identified 
material properties (Marrese et al., 2017; Variola, 2015; Zhang et al., 
2010). Like conventional indentation, the identified material properties 
will not be accurate if the sample surface is not flat (Liu and Tschum
perlin, 2011). The cantilever beam slippage or moving cells produce 
jumps in the response curve (Cartagena-Rivera et al., 2016). A sharper 
tip can damage the surface of the delicate samples during measurements 
(Norman et al., 2021; Cho et al., 2023). Inertia effects can produce an 
error in the material properties if they are not accounted for (Abbasi and 
Karami Mohammadi, 2010). However, the most significant sources of 
error related to the AFM nanoindentation method arise from un
certainties in the cantilever's spring constant, the determination of 
deflection sensitivity (Schillers et al., 2017) and the contact point 
determination (Crick and Yin, 2007). For example, Matei et al. (2006)
reported that the precision and accuracy of the thermal noise method are 
5% and 10%, respectively. Furthermore, Schillers et al. (2017) observed 
that the error in deflection sensitivity for cell samples can vary between 
5% and 20%. To reduce errors related to the spring constant and the 
cantilever's sensitivity when testing soft materials like cells, a reliable 
technique known as the standardized nanomechanical AFM procedure 
(SNAP) has been developed (Schillers et al., 2017). SNAP enables precise 
calibration of the AFM optical lever system, which is essential for all 
force spectroscopy methods, resulting in reliable values that are 
consistent across various instruments, laboratories, and operators.

As mentioned earlier, another source of error - primarily related to 
soft biological samples - is the determination of the contact point. When 
the contact point is missed by less than 50 nm, the material properties 
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for small indentations are inaccurate; however, the error diminishes 
asymptotically beyond 200 nm of indentation, resulting in an accurate 
estimate of material stiffness (Crick and Yin, 2007). On the other hand, if 
the contact point is missed by more than 100 nm, it becomes impossible 
to accurately estimate the true material properties. Although noise in
troduces additional uncertainty in material properties at small in
dentations, the effect of missing the contact point is the dominant factor. 
Estimating the contact point when testing soft materials is challenging, 
as the cantilever's deflection does not change abruptly from one point to 
another (A-Hassan et al., 1998). An additional factor to consider is the 
choice of a suitable cantilever for the experiments. The cantilever's 
spring constant should be similar to the stiffness of the tested material 
(Krieg et al., 2018). In addition, it is also important to note that the 
applied strains should not exceed 20% (Krieg et al., 2018). Another 
critical issue is related to the changes in the indenter's shape during 
experiments. In particular, the radius of a sharp pyramidal tip may in
crease due to wear during contact scanning, which affects the calcula
tions of the elastic modulus (Fu et al., 2024).

2.5. Rheometry

It is important to note that the rheology is the study of flow and 
deformation of matter. Rheometers are probably the most used systems 
to determine the viscoelastic properties of soft materials. Rheometers 
can be categorised into three main groups: rotational, extensional, and 
capillary (Krishnan et al., 2017). Amongst rheometers, rotational (or 
shear) rheometers are commonly used for the determination of the 
viscoelastic properties of soft materials. For example, a sinusoidal small 
amplitude oscillatory shear of amplitude γ0 is imposed to the sample at a 
certain frequency (ω = 2πf) and the shear strain deformation of the 
sample to this shear stress is measured (dynamic oscillatory test) in a 

shear-controlled rheometer (Fig. 1e). The resulting shear stress oscillates 
at the same frequency and is proportional to the shear amplitude in the 
linear viscoelastic regime. However, there will be a phase shift (Δ) be
tween the input strain and resulting stress for a viscoelastic sample 
(Fig. 3a), and the relation between stress and strain can be written using 
the sum of the sine and cosine contributions. Hence, the input shear 
strain and resulting shear stress can be expressed as follows (Laun et al., 
2014): 

γ(t)= γ0 sin(ωt) (17) 

τ(t)= γ0[Gʹ sin(ωt)+Gʹ́ cos(ωt)] (18) 

where Gʹ is the storage shear modulus and Gʹ́  is the loss shear modulus; 
G∗ = Gʹ + jGʹ́  being the complex shear modulus. The resulting shear 
stress as a phase-shifted signal of stress amplitude τ0 and phase angle Δ 

can be expressed as τ(t) = τ0 sin(ωt+Δ) where τ0 = γ0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Gʹ2 + Gʹ́ 2

√
and 

tan(Δ) = Gʹ́/Gʹ; |G∗| =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Gʹ2 + Gʹ́ 2

√
being the magnitude of the complex 

modulus. Overall, the storage and shear modulus can be determined 
from the input γ0 and measured τ0 and Δ as follows: 

Gʹ= |G∗|cos(Δ) (19) 

Gʹ́ = |G∗|sin(Δ) (20) 

The shear viscosity is defined as: 

η=Gʹ́

ω (21) 

where ω is the circular frequency in rad/s. Fig. 3b displays an example of 
the frequency-dependent storage (Gʹ) and loss (Gʹ́ ) moduli for a collagen 

Fig. 2. Representative force-indentation curves for a human fibroblast measured with a conical AFM probe. Panel (a) displays data from the central region fitted with 
Sneddon's model, yielding a Young's modulus of 8.2 kPa. Panel (b) highlights the substrate effect at the cell edge; while the standard Sneddon fit (curve 1) yields an 
inflated apparent modulus of 23.7 kPa, the Garcia and Garcia corrected model (curve 2) provides a refined value of 13.1 kPa. The original datasets are accessible via 
the AtomicJ Repository (Hermanowicz et al., 2014).

Fig. 3. (a) Representative sinusoidal stress and strain curves (f = 4 Hz) of a viscoelastic material with a storage modulus of Gʹ = 1200 Pa, loss modulus of Gʹ́ = 400 
Pa, and phase shift of Δ = 0.32 rad. (b) Frequency-dependent storage (Gʹ) and loss (Gʹ́ ) moduli for a collagen hydrogel substrate characterised via rheometry 
(reprinted from (Cho and Lee, 2023)).
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hydrogel substrate (Cho and Lee, 2023). To comprehensively charac
terise a material's rheological profile, experiments must integrate mea
surement modes, frequency selection, and geometry options to mitigate 
errors and capture both linear and nonlinear behaviours. Transient tests, 
such as stress relaxation and creep recovery, identify time-dependent 
behaviours, while frequency sweeps measure viscoelastic properties 
under oscillatory deformation to generate a rheological “fingerprint” 
(Singh et al., 2018). This fingerprint quantifies solid-like behaviour (Gʹ), 
liquid-like behaviour (Gʹ́ ), and structural indicators like tan(Δ) = Gʹ́/
Gʹ, which are critical for analysing polymer entanglement and formu
lation stability. In contrast, strain sweeps vary deformation at a constant 
frequency to identify the linear viscoelastic region and the structural 
breakdown point (Singh et al., 2018; Tunick, 2011). The choice of ge
ometry further influences accuracy; cone-plate fixtures provide the 

uniform shear rate essential for precise viscosity measurements, whereas 
parallel-plate fixtures allow for adjustable gaps suitable for particulate 
samples but introduce non-homogeneous shear (Song et al., 2017). 
While results from these geometries typically coincide during 
small-amplitude oscillatory shear, discrepancies often arise at high fre
quencies or in the nonlinear regime. For highly shear-thinning materials, 
proper corrections - such as horizontal or vertical shift factors - are 
frequently required to align data across different geometries and fre
quencies to ensure accurate characterisation (Song et al., 2017). 
Crucially, while these standard geometries apply simple shear, real 
biological tissues often experience complex, multi-directional shear 
forces in vivo (Patteson and Janmey, 2024). This simplification can 
introduce errors when translating rheological data to physiological 
loading, necessitating awareness of this limitation and the potential use 

Fig. 4. Schematics of ultrasound elastography techniques. (a) Strain elastography: Manual compression is applied to the tissue; the blue waveform represents the 
radiofrequency (RF) signals used to track axial displacement and strain (indicated by the arrow). (b) ARFI strain imaging: A focused RF push pulse (blue) generates a 
localized internal force, where δ represents the resulting axial tissue displacement tracked by RF pulses. (c) One-dimensional transient elastography (1D-TE): A 
mechanical vibrator generates shear waves (arrows) that propagate through the tissue, monitored by an ultrasound tracking beam (blue waveform). (d) Point shear 
wave elastography (pSWE): A single focused ARFI push (red lines) generates a diverging shear wave. Blue waveforms show the propagation direction perpendicular 
to the push axis, with grey arrows indicating the tracked RF displacement. (e) Two-dimensional shear wave elastography (2D-SWE): Multiple ARFI pushes at varying 
lateral positions (red lines) create a 2D shear wave front; blue waveforms denote multi-directional propagation across the imaging plane, tracked via RF displacement 
(grey arrows). (f) Comb-push ultrasound shear elastography (CUSE): Several simultaneous, unfocused ARFI beams (blue stripes) produce overlapping shear waves. 
Blue waveforms highlight the resulting interference patterns, with grey arrows representing the tracked displacement. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.)
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of complementary modelling or specialised tests to better approximate 
complex shear environments.

Rheometry has been used to investigate many soft materials, 
including porcine kidney (Nasseri et al., 2002), bovine liver (Klatt et al., 
2010), human skin (Lamers et al., 2013), rodent liver (Lin et al., 2017), 
fibroblasts (Sander et al., 2017), hydrogels (Yengul et al., 2019), and 
various porcine organs such as heart, kidney, liver, and brain (Mishra 
and Cleveland, 2024). While rheometry is widely used in practice, 
rheometers still have many practical limitations. Simplified deformation 
fields for stress, strain, and strain rate components are used in rheo
logical material functions. However, in practice, forces and displace
ments are often measured at the boundaries of a specimen, hence the 
calculation of true stress and strain can be hampered by different pa
rameters, including instrument inertia, specimen inertia, boundary ef
fects, and volumetric effects (Ewoldt et al., 2015). Therefore, system 
inertia (e.g., rotor), sample inertia, boundary effects, the friction of 
bearings, the residual torque of bearings, and volumetric effects could 
adversely affect the determined material properties (Ewoldt et al., 2015; 
Gabriel and Kaschta, 1998; Klemuk and Titze, 2009). Pre-compression is 
necessary to ensure proper coupling between the sample and the plates, 
and the rate of the pre-compression force can influence the identified 
viscoelastic properties (Mishra and Cleveland, 2024; Engstrom et al., 
2019; Hrapko et al., 2008; Ayyildiz et al., 2015). However, these forces 
may not be present in the material (e.g., the liver) during normal 
operation, and pre-compression may lead to material properties that 
differ from those observed under normal physiological conditions. In 
addition to compression stiffening of the material with the increase of 
pre-stress, the increase of the contact force between the sample and 
plates may contribute to the increase of material properties with the 
increase of pre-stress. On the other hand, if the pre-compression force is 
low, the sample will slip between the plates, and this would lead to 
obtaining incorrect material properties (Walter et al., 2017). Further
more, soft samples can break, especially upon applying sufficiently large 
shear oscillations (Saint-Michel et al., 2017).

2.6. Ultrasound elastography

Ultrasound elastography (Fig. 4) provides complementary informa
tion on tissue stiffness to conventional ultrasound imaging (Zhang et al., 
2023). Ultrasonic elastography has been developed as an alternative to 
manual palpation. It has two significant advantages over manual 
palpation: results are objective and can be quantitative, rather than 
subjective and qualitative, and observations can be made in almost all 
parts of the body. The two principal methods of measuring mechanical 
properties using ultrasound are: measuring the movement of the tissue 
(strain) for a given applied force (stress) and measuring the velocity of 
shear waves through the region of interest (Schrenk et al., 2020). Strain 
elastography is a qualitative technique in which relative stiffness dif
ferences in the insonified region are displayed (Dietrich et al., 2017). In 
this technique, the resulting normal strain is measured after applying a 
normal stress to the tissue. This stress can be generated either by 
manually compressing the probe (Fig. 4a) or by utilising an acoustic 
radiation force impulse (ARFI) (Fig. 4b). In shear wave elastography 
(SWE), acoustic impulses generate shear waves that propagate at much 
lower speeds - typically between 1 m/s and 10 m/s in soft tissues - 
compared to longitudinal (compressional) waves, which travel at 
significantly higher velocities, typically between 1450 and 1700 m/s in 
soft biological media. Specific examples include speeds of 1450-1570 
m/s in breast tissue, 1522-1623 m/s in the liver, 1500-1610 m/s in 
skeletal muscle, and 1460-1580 m/s in the brain, all falling within the 
standard soft-tissue range (Sigrist et al., 2017; Sarvazyan et al., 2013). 
The scanning system can measure the shear wave speeds. The shear 
modulus G can be determined from the measured shear wave speed vs 
using the following equation (Nakaoka et al., 2022): 

G= ρv2
s (22) 

where ρ is the tissue density. It should be remembered that the Young's 
modulus can be calculated using the simple equation E = 2G(1 + v).

SWE refers to techniques based on mechanical stress, generated 
either externally, using external actuators, or internally, using acoustic 
radiation force impulse (ARFI) to produce a push pulse within the tissue 
(Oglat and Abukhalil, 2024; Ferraioli et al., 2024). The one-dimensional 
transient elastography (1D-TE) (Fig. 4c) is a technique embedded in the 
FibroScan™ system (Echosens, Paris, France), which utilises a main 
probe containing both an ultrasound transducer and a mechanical 
vibrating device that generates shear waves through an external vibra
tion source, thereby propagating through the tissue (DeWall, 2013; 
Oglat and Abukhalil, 2024). In the ARFI-SWE, localised tissue dis
placements are generated using focused ultrasound beams, and the 
resulting shear wave propagation is then detected (Oglat and Abukhalil, 
2024). This technique can be divided into point SWE (pSWE) (Fig. 4d), 
in which a push-pulse is focused on a single focal location, and 
two-dimensional SWE (2D-SWE) (Fig. 4e), in which several ARFI 
push-pulses are generated at multiple focal locations. Another approach 
is the comb-push ultrasound shear elastography (CUSE) (Fig. 4f), in 
which sub-apertures are used to simultaneously transmit unfocused 
push beams at different spatial locations (Song et al., 2012, 2013; 
Racedo and Urban, 2019). It is important to highlight that, in SWE, 
tissue motion is captured using ultrafast ultrasound imaging - achieving 
frame rates of several thousand frames per second - to track the shear 
wave propagation and derive mechanical properties. Shear wave 
dispersion ultrasound vibrometry (SDUV) is another ultrasound-based 
technique that quantifies tissue elasticity and viscosity by analysing 
the frequency-dependent propagation speed of shear waves in soft tissue 
(Urban et al., 2012). A focused ultrasound “push” beam generates har
monic shear waves, while a separate “detect” beam monitors their 
propagation using pulse-echo ultrasound. Shear wave speed at different 
frequencies (typically 100-400 Hz) is calculated from phase differences 
measured at two locations along the propagation path, and these mea
surements are fitted to a viscoelastic model to estimate shear elasticity 
and viscosity (Urban et al., 2012; Chen et al., 2009).

Notably, at low frequencies - typically below 200-300 Hz in soft- 
tissue applications - the shear wavelength is much larger than tissue 
thickness, leading to guided wave behaviour and strong dispersion, 
which can bias stiffness measurements if not properly corrected (Bernal 
et al., 2011; Gennisson et al., 2013). As frequency increases and the 
shear wavelength becomes comparable to or smaller than the tissue 
thickness, the wave propagation approaches the bulk shear wave 
regime, reducing dispersion and improving accuracy in estimating 
intrinsic tissue elasticity (Bercoff et al., 2004; Palmeri and Nightingale, 
2011). This consideration is especially important in thin organs or layers 
(e.g., arterial walls or skin), where inappropriate frequency selection 
can lead to overestimation or underestimation of stiffness due to 
boundary-induced artifact (Bernal et al., 2011; Gennisson et al., 2013).

Ultrasound elastography is used in the clinic to image the mechanical 
properties of various soft tissues (Sigrist et al., 2017; Gennisson et al., 
2013; Bamber et al., 2013; Cosgrove et al., 2013). Its applications 
include the evaluation of the liver (Bernal et al., 2011; Ferraioli et al., 
2018), breast (Barr et al., 2015), thyroid (Swan et al., 2021), prostate 
(Barr et al., 2017), kidney (Cè et al., 2023), and musculoskeletal tissue 
(Albano et al., 2023). In addition to the clinic, ultrasound elastography 
can be used in the laboratory to determine the mechanical properties of 
soft tissue-mimicking materials for development and validation pur
poses (Yengul et al., 2019; Nguyen et al., 2014). Alongside measuring 
the shear moduli of tissues, there have been some attempts to exploit the 
damping (or viscosity) in quantitative ultrasound elastography (Li et al., 
2021a; Tecse et al., 2023).

Although ultrasound elastography offers non-invasive imaging of the 
mechanical properties of organs deep within the body, it presents some 
drawbacks (Kimondo et al., 2025). Shear wave propagation in some 
regions violates the assumed relationship between shear modulus and 
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shear wave speed, especially near boundaries and within thin layers, and 
this can produce an error in the calculated material properties (Patra 
and Grover, 2022). Similarly, disregarding viscosity may bias the esti
mation of the true shear modulus (Zhu et al., 2015). The external pre
compression results in stiffening, hence different shear moduli are 
measured based on the initial resting pressure (Lam et al., 2016). Partial 
volume averaging artifacts can lead to image degradation (Patra and 
Grover, 2022). Different shear moduli can be mapped based on the 
selected anatomical area (Zelesco et al., 2018). In strain imaging, the 
attenuation of longitudinal waves as they travel deeper into the tissue 
reduces the signal-to-noise ratio, resulting in decreased accuracy in deep 
regions compared to superficial ones (Cui et al., 2022). Superimposed 
compressional and shear waves reflecting at the interfaces can reduce 
the accuracy of the measured shear moduli (Gennisson et al., 2013). 
Respiration, patient position, and operator skill can affect the identified 
shear modulus of tissues (Zelesco et al., 2018).

2.7. Magnetic resonance elastography

Magnetic resonance elastography (MRE) (Fig. 5) is a phase-con
trast–based technique that images propagating mechanical waves, from 
which material properties, such as shear modulus, are determined 
(Manduca et al., 2021). In this technique, mechanical waves are 
generated and delivered to the patient's deeper tissues. An MRI acqui
sition sequence measures the propagation and velocity of the waves, and 
mechanical parameters are recovered from this information. In 
isotropic, nearly incompressible tissue, shear waves propagate at speeds 
that depend on the shear modulus, while longitudinal waves are much 

faster and typically filtered out. As mentioned before, for viscoelastic 
materials, the shear modulus is complex: G∗ = Gʹ+ jGʹ́ , where Gʹ de
notes storage modulus and Gʹ́  denotes loss modulus. A common direct 
inversion uses the Helmholtz equation: G∗ = − ρω2u/

(
∇2u

)
, where u is 

the harmonic displacement, ρ is density, ω is angular frequency, and ∇2 

denotes the Laplacian operator (Manduca et al., 2021; Ma et al., 2023, 
2025). This framework demonstrates how wave equations and inversion 
techniques connect measured wave fields to intrinsic tissue properties, 
allowing for the quantitative characterisation of stiffness and damping in 
vivo.

The applications of MRE include the evaluation of the liver 
(Venkatesh et al., 2013; Akkaya et al., 2018), kidney (Low et al., 2015), 
and prostate (Sahebjavaher et al., 2014). In addition to measuring the 
shear moduli of tissues, there have been attempts to exploit the viscosity 
in MRE (Wang et al., 2024; Reiter et al., 2021; Majumdar and Klatt, 
2021). Despite MRE provides non-invasive imaging of the mechanical 
properties of organs deep in the body, it has some shortcomings. The 
drawbacks listed in Section 2.6 for ultrasound elastography are also 
encountered in MRE. A partial volume effect occurs when different 
materials are encompassed within the same voxel in elastography 
techniques. However, the partial volume effect is encountered even if 
the voxel is filled with the same material in magnetic resonance elas
tography, since wave displacements due to vibrations are spatially 
distributed (Ito et al., 2017).

Fig. 5. The working principle of magnetic resonance elastography (MRE), illustrating the mechanical driver, wave propagation through tissue, and subsequent MRI 
acquisition.
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2.8. Optical coherence elastography

Optical coherence elastography (OCE) is an advanced imaging mo
dality that extends optical coherence tomography (OCT) by incorpo
rating mechanical property assessment. First introduced by Schmitt 
(1998), OCE applies controlled mechanical stimuli - such as compres
sion, shear, or wave-based excitation - to biological tissues and uses OCT 
(Fig. 1f) to capture high-resolution displacement fields and strain maps 
(Schmitt, 1998; Liang et al., 2010). These elastograms provide insight 
into tissue stiffness and elasticity, offering contrast beyond conventional 
optical imaging. Recent improvements in phase-sensitive OCT have 
enabled sub-nanometre displacement detection, facilitating quantitative 
reconstruction of biomechanical parameters such as Young's modulus 
(Sun et al., 2011; Singh et al., 2025). This combination of structural and 
mechanical imaging makes OCE particularly valuable for studying tissue 
microarchitecture and mechanobiology.

OCE has demonstrated significant potential in various biomedical 
applications. In ophthalmology, it is used to assess corneal and retinal 
biomechanics, aiding in the diagnosis of keratoconus and glaucoma 
(Kirby et al., 2017). Oncology leverages OCE to detect tumours based on 
stiffness differences, while cardiovascular research employs it to eval
uate arterial wall compliance and plaque vulnerability (Sun et al., 2011; 
Zvietcovich and V Larin, 2022). Dermatology and tissue engineering 
also benefit from OCE for monitoring skin elasticity and scaffold me
chanics (Wang et al., 2023a). As technology advances with faster volu
metric imaging and improved mechanical modelling, OCE is poised to 
become a key tool for clinical diagnostics and mechanobiological 
research (Singh et al., 2025).

Despite its promise, OCE faces several limitations that hinder wide
spread clinical adoption. First, imaging depth is restricted to superficial 
tissues due to OCT's penetration limits, limiting its applications in 
deeper organs (Schmitt, 1998; Liang et al., 2010). Quantitative accuracy 
is highly dependent on mechanical models and assumptions, which 
often neglect anisotropy, viscoelasticity, tissue heterogeneity, and 
boundary effects, leading to variability in reconstructed parameters such 
as Young's modulus (Sun et al., 2011; Singh et al., 2025; Wang et al., 
2023a). In wave-based approaches, mode contamination from non-shear 
components (e.g., Rayleigh/Lamb/longitudinal) complicates dispersion 
analysis and inversion (Singh et al., 2025; Zvietcovich and V Larin, 
2022). Phase-sensitive displacement measurements, while enabling 
sub-nanometre resolution, remain vulnerable to noise, phase jitter, 
timing jitter, and laser frequency nonlinearity, and are further impacted 
by imperfect synchronisation between excitation/trigger and acquisi
tion (Liang et al., 2010; Singh et al., 2025; Kirby et al., 2017; Zvietcovich 
and V Larin, 2022). Rapid physiological motions (breathing, cardiac, 
ocular) and structural changes between scans introduce motion artifacts 
and decorrelation, degrading strain and wavefield estimates (Liang 
et al., 2010; Singh et al., 2025; Kirby et al., 2017). Moreover, optical 
reflections and interference from tissue interfaces or sample edges can 
bias phase and amplitude, causing reconstruction errors (Schmitt, 1998; 
Liang et al., 2010; Sun et al., 2011). Additionally, strain estimation al
gorithms introduce errors through phase unwrapping and dynamic 
range constraints (Schmitt, 1998; Liang et al., 2010). Finally, the lack of 
standardised frameworks for data sharing and reproducibility compli
cates cross-platform validation and clinical translation (Singh et al., 
2025; Wang et al., 2023a). These challenges underscore the need for 
improved modelling, robust phase and timing stabilisation, precise 
synchronisation, artifact-aware inversion, and harmonised methodolo
gies to fully realise OCE's potential.

2.9. Other techniques

Some other techniques have been used for the identification of the 
mechanical properties of soft materials, including the pipette aspiration 
(Buffinton et al., 2015), pressure myography (Bloksgaard et al., 2017), 
scanning acoustic microscopy (Liu et al., 2023; Jensen et al., 2006), 

cavitation rheometry (Cui et al., 2011), acoustic particle palpation or the 
use of spherical objects located within the soft material and at the soft 
material interface (Koruk and Pouliopoulos, 2023), and vibration tests, 
such as experimental modal analysis (Wang et al., 2020) and logarithmic 
decrement (Rosicka et al., 2021). Other methods include optical 
stretching, cellular shear wave elastography (cSWE), acoustic force 
spectroscopy (AFS), cell monolayer rheometry, magnetic twisting 
cytometry (MTC), and particle-tracking microrheometry, which can be 
used to identify the mechanical properties of single cells or organelles 
(Wu et al., 2018; Hao et al., 2020). For example, the pipette aspiration 
technique is a simple method of identifying the initial slope of the 
stress-strain curve (or the Young's modulus) of the soft material by using 
a pipette to partially aspirate a sample into its tip (Buffinton et al., 2015; 
Aoki et al., 1997). However, this technique has various drawbacks. For 
example, surface irregularities on the sample and the gap between the 
pipette tip and the sample can have a dramatic effect on the accuracy of 
the identified mechanical properties (Ohashi et al., 2005; Maghzinaja
fabadi et al., 2019).

cSWE is an optical elastography technique for assessing mechanical 
properties of single cells and small clusters by generating high-frequency 
shear waves with a vibrating micropipette and tracking propagation via 
high-speed optical microscopy (Grasland-Mongrain et al., 2018). Using 
speckle tracking and passive elastography methods inspired by seis
mology, cSWE achieves microsecond temporal and micrometre spatial 
resolution, enabling studies of dynamic processes and mechanical het
erogeneity in regions like the nucleus and cytoplasm 
(Grasland-Mongrain et al., 2018; Li et al., 2021b). However, challenges 
include limited viscosity assessment, lower spatial resolution compared 
to AFM, lack of standardised validation at kilohertz frequencies, and low 
throughput (Grasland-Mongrain et al., 2018; Li et al., 2021b). In 
contrast, AFS uses ultrasonic standing waves in microfluidic chambers to 
apply controlled piconewton-scale forces on tethered microspheres, 
enabling high-throughput measurement of material properties such as 
stiffness and viscoelasticity (Sitters et al., 2015). By tracking bead 
displacement optically, AFS provides force-extension data for polymers 
and biomolecular complexes, offering advantages over optical tweezers 
in scalability and integration with lab-on-chip systems, though spatial 
resolution and calibration remain challenges (Sitters et al., 2015). On 
the other hand, MTC applies controlled torque to ligand-coated mag
netic beads attached to cell-surface receptors using rotating magnetic 
fields, enabling measurement of cellular viscoelastic properties (Zhang 
et al., 2017; Laurent et al., 2002). By tracking bead rotation, MTC 
quantifies complex shear modulus and dynamic stiffening across fre
quencies from Hz to kHz, supporting studies of mechanotransduction 
and cytoskeletal remodelling. While non-invasive and compatible with 
live-cell imaging, limitations include lower spatial resolution than AFM 
and sensitivity to bead adhesion geometry and torque calibration (Zhang 
et al., 2017).

The resonant vibration test or experimental modal analysis (Wang 
et al., 2020) can be used to identify the mechanical properties of a 
structure. In this case, the frequency response functions of the structure 
are measured using a response sensor (e.g., an accelerometer or a laser 
vibrometer) and an exciter (e.g., a hammer or shaker). By analysing the 
measured frequency response functions, the Young's modulus and 
damping of the structure are identified. Similarly, the logarithmic 
decrement method (Rosicka et al., 2021), which does not require the 
measurement of the input, can be used to determine the mechanical 
properties of a structure when a single mode of vibration can be isolated 
from the others. However, these techniques require relatively large 
durable samples such as beams and plates, which are not feasible for 
relatively soft samples. Some sources of error and uncertainty for 
vibration-based methods include the boundary conditions, the effect of 
contact-type response and excitation sensors, and assumptions related to 
modelling the structure among others (Koruk, 2014; Koruk and Sanli
turk, 2012).

Small spherical particles located within the tissue (Cebrecos et al., 
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2021; Levy and Oldenburg, 2021), and at the tissue interface (Koruk 
et al., 2015; Bezer et al., 2020) exposed to static and dynamic external 
forces have been used to identify the mechanical properties of soft 
materials. However, for techniques based on a spherical object located 
within a soft material sample, there are several practical issues. For 
example, in these techniques, there is a need to locate a bubble (or a 
non-deformable sphere) within the soft material sample, which can alter 
the material properties (Koruk and Pouliopoulos, 2023). A more prac
tical technique is the use of particles located at the material interface. 
Although the use of a bubble has many practical issues (Bezer et al., 
2020; Koruk and Choi, 2018, 2019), the use of a non-deformable sphere 
eliminates many disadvantages of other techniques and is quite prom
ising for characterising the viscoelastic properties of soft materials 
(Koruk et al., 2024; Koruk, 2022; Koruk and Pouliopoulos, 2024).

2.10. Further considerations

Biological tissues exhibit complex, non-linear mechanical behav
iours that deviate from the linear elasticity assumed in traditional en
gineering models, creating significant challenges for accurate disease 
modelling and diagnosis (Johnston and Callanan, 2023; Chen et al., 
2013). This non-linear behaviour arises from the hierarchical arrange
ment of extracellular matrix components, where the softer elastin 
network dominates at low strains while wavy collagen fibres offer 
minimal resistance (Ionescu and Chirita, 2009; Sanz-Herrera et al., 
2025). As strain increases, these collagen fibres straighten and align 
with the load, becoming the primary load-bearing elements and causing 
a dramatic increase in stiffness known as strain stiffening (Fontenele and 
Bouklas, 2023; Marieswaran et al., 2018). Furthermore, directionally 
dependent fibre orientation results in anisotropic properties, where the 
mechanical response varies according to the direction of applied force. 
Because diseases like fibrosis and solid tumours cause significant me
chanical alterations detectable via elastography, characterising the 
specific degree of non-linearity - rather than relying on a single linear 
stiffness value - may offer more reliable diagnostic biomarkers for dis
tinguishing healthy from diseased tissue (Oberai et al., 2009).

While simple phenomenological models are suitable for small 
strains, they often yield significant errors during large deformations, 
necessitating the use of hyper-elastic frameworks like the Mooney-Rivlin 
or Ogden models to account for reversible nonlinearity (Bonet, 2001; 
Lohr et al., 2022; Panda and Buist, 2018; Ahsanizadeh and Li, 2015). 
The Mooney-Rivlin model is frequently favoured for its balance of 
simplicity and accuracy in moderate strain ranges up to 200%, whereas 
the Ogden model offers superior descriptive power across the entire 
deformation range despite requiring additional parameters (Holzapfel 
and Ogden, 2025; Gomez-Jimenez et al., 2024). To fully capture the 
mechanical complexity of soft tissues, advanced finite element imple
mentations often integrate these hyper-elastic models with viscoelastic 
frameworks, such as the generalized Maxwell model using Prony series, 
to simultaneously address large-strain behaviour and time-dependent 
phenomena like creep and stress relaxation (Panda and Buist, 2018). 
However, implementing these coupled frameworks remains difficult for 
practical applications due to the high computational cost and the 
extensive experimental data required to accurately calibrate the 
numerous material parameters, a complexity which often makes such 
models impractical for clinical applications (Nguyen et al., 2020; Far
ajpour and Ingman, 2024).

There are significant challenges in reconciling mechanical mea
surements taken under in vivo (perfused, warm), in situ, and ex vivo 
conditions, primarily due to variations in tissue conformation and 
physiological state (Bertalan et al., 2023; Guertler et al., 2018; Zhang, 
2005; Ottensmeyer et al., 2004). In vivo testing preserves native perfu
sion, temperature, and intrinsic stretch - elements proven to affect 
stiffness, viscoelasticity, and stress–strain behaviour - whereas ex vivo 
tissue, lacking blood flow and active pre-strain, often displays reduced 
stiffness and altered hysteresis (Zhang, 2005; Ottensmeyer et al., 2004). 

Even in situ approaches, which preserve perfusion temporarily, cannot 
maintain full physiological conditions of warm, pressurised circulation, 
leading to relaxation-mediated conformational changes. Additionally, 
advances in elastography reveal that viscoelastic properties are highly 
environment-dependent, with in vivo measurements offering distinct 
insights unavailable ex vivo (Zhang et al., 2021).

3. Comparison and evaluation

Identifying the mechanical properties of soft materials is consider
ably more challenging than those of conventional engineering materials. 
Although various techniques exist to characterise these properties, each 
has its own drawbacks and limitations. The sources of error and un
certainty associated with the techniques discussed in Section 2 are 
summarised in Table 1. Due to the different sources of error and un
certainty, the mechanical properties of the same soft material, when 
measured using different techniques, can vary significantly.

The mechanical properties of various soft materials measured using 
different identification techniques are listed and compared in Table 2. 
For example, Amador et al. (2011) measured the shear moduli of gela
tine phantoms using an ultrasound elastography method (SDUV) and 
macro-indentation; the shear modulus measured by the ultrasound 
elastography method was 1.4 times the value measured by 
macro-indentation for the 7% gelatine phantom. Czerner et al. (2015)
measured the Young's modulus of gelatine (20%) gels using different 
methods; the Young's modulus measured by macro-indentation was 
1.6-1.7 times the values measured using compression test, 
nano-indentation and oscillatory rheometry. Buffinton et al. (2015)
measured the Young's moduli of polyacrylamide gels using tensile 
testing, nano-indentation, and pipette aspiration; the Young's moduli 
measured by compression test and pipette aspiration were 1.3 and 2 
times the value measured by nano-indentation for the gel with the 
acrylamide to bis-acrylamide ratio of 30:0.5. Symons et al. (2022)
measured the Young's modulus of soft gels using micro-indentation and 
compression test; the Young's moduli measured by compression test was 
1.5 times the value measured by micro-indentation for 2% agarose 
hydrogel.

The storage and loss Young's moduli of the porcine sclera tissue 
measured by Nayar et al. (2012) using macro compression and 
nano-indentation tests differed by 1-2 orders of magnitude. The shear 
moduli of liver tissue of 50 patients measured by ultrasound shear wave 
elastography was approximately twice the values measured by MRE 
(Zhao et al., 2014). Żmudzińska et al. (2018) measured the Young's 
modulus of 12 porcine liver using the ultrasound shear wave elastog
raphy and macro-indentation; the Young's moduli measured by 
macro-indentation was 1.1-1.6 times the value measured by ultrasound 
elastography. Yengul et al. (2019) eliminated possible variation caused 
by batch-to-batch gel variation, sample geometry differences, boundary 
artifacts and environmental effects in a controlled experimental study. 
Even in this controlled study, the difference between the storage and 
shear moduli of the gel (12%) phantom measured by shear wave ul
trasound elastography and torsional vibration rheometry were around 7 
and 40%, respectively. In another study, it is observed that the shear 
modulus determined by SDUV, and acoustic radiation force impulse 
(ARFI) is 1.2 and 5.6 times the result determined by rotary rheometer, 
respectively, whereas the viscosity determined by rheometry is 1.7 times 
the result determined by SDUV (Zhu et al., 2015). Interested readers 
may refer to some other previous comparative studies between MRE and 
ultrasound transient elastography (Oudry et al., 2009), rheometry and 
ARFI shear wave elastography (Amador et al., 2016), the quantification 
of shear wave speed bias across ultrasound and MRE platforms (Palmeri 
et al., 2021), and the stress-strain curves obtained via ultrasound elas
tography and traditional compression tests (Wang et al., 2022).

It is seen that different techniques can produce quite different me
chanical properties, even for the same homogenous soft samples 
(Amador et al., 2011; Symons et al., 2022). The situation can become 
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more complicated for heterogeneous, layered, and/or highly viscous soft 
structures (Wu et al., 2018; Zhu et al., 2015; Zhao et al., 2014). 
Furthermore, the variability of the material properties identified by a 
particular technique can be quite high (e.g., more than 50%) (Wu et al., 
2018; Nayar et al., 2012; Żmudzińska et al., 2018). As known, the me
chanical properties of soft materials depend on many factors, including 
precompression load, loading rate, frequency, and temperature (Wu 
et al., 2018; Mishra and Cleveland, 2024; Żmudzińska et al., 2018). 
Therefore, one should ensure that same or similar test parameters are 
used when comparing the mechanical properties of soft materials 
identified using different techniques. Furthermore, the mechanical 
properties of materials, especially heterogenous ones, can be different 
based on the scale (nano, micro or macro) measured (Nayar et al., 2012; 
Polio et al., 2018; Richbourg et al., 2022). While it may not be possible 
to eliminate all sources of error and uncertainty, minimising the artifacts 
discussed in Section 2 - and the sources summarised in Tables 1–is 
essential for improving the accuracy in identifying the mechanical 
properties of soft materials. Findings from this study underscore the 
necessity of reliable test rigs and procedures for characterising these 
properties across multiple scales. Measuring soft tissue mechanics across 
spatial scales provides a hierarchical view of biological function: 
nanoscale measurements reveal molecular foundations and protein in
teractions; microscale analysis captures cellular mechanobiology and 
regional variations, identifying early pathological markers; and macro
scale testing defines bulk organ behaviour for clinical diagnostics and 
biomimetic design (Guo et al., 2022; Lam and Park, 2025; Holzapfel 
et al., 2025). Together, these scales bridge the gap between individual 
molecular triggers and the collective mechanical performance of human 
systems (Guo et al., 2022; Li and Xu, 2023).

Characterising soft materials such as elastomers, gels, and hydrogels 
is challenging under traditional American Society for Testing and Ma
terials (ASTM) standards designed for stiff materials, as these standards 
often fail to account for the unique behaviours of soft tissues and 
phantoms. For instance, using ASTM D412 (ASTM D412-16, 2021) for 
tensile testing and using ASTM D575 (ASTM D575-91, 2024) for 
compression test frequently result in grip slippage or specimen barrel
ling, respectively, while using ASTM D945 (ASTM D945-16, 2016) for 
shear testing is hindered by non-uniform stress distributions and thick
ness sensitivity.

The accurate characterisation of biological tissue geometry - specif
ically thickness - remains a fundamental challenge in soft material me
chanics (Famaey et al., 2026; O'Leary et al., 2013b; Schwarz et al., 
2023). Precise geometric data is essential for converting raw 
force-displacement measurements into constitutive material properties; 
even minor inaccuracies in thickness measurement can lead to tensile 
stress calculation errors exceeding 25% (O'Leary et al., 2013b). The 
inherent nature of soft tissues, which are highly compliant, hydrated, 
and often spatially heterogeneous, complicates traditional measure
ment. Conventional contact tools like vernier callipers or micrometres 
frequently induce localised compression, which can lead to significant 
variations in obtained stresses. To mitigate this, non-contact techniques 
such as OCT, laser profilometry, and ultrasound-based measurements 
have gained prominence for providing non-destructive 3D mapping 
(O'Leary et al., 2013b; Lin et al., 2023).

Graphical representations, such as stress-strain or force-indentation 
curves, play a critical role in interpreting the mechanical response of 

Table 1 
Sources of error and uncertainty in the identified mechanical properties of soft 
materials for different techniques.

Technique Source of Error and Uncertainty

Tensile testing ⁃ Improper tailored shape of the sample
⁃ Imprecise measure of the cross-sectional 

area of the sample
⁃ Misalignment from the loading axis
⁃ Material slippage due to improper clamping
⁃ Sample damage due to improper gripping
⁃ Insufficient transmission of forces at 

loading clamps to the ROI (in biaxial tensile 
test)

⁃ Inertia effects (in dynamic tensile test)
Compression testing ⁃ Improper quality and integrity of the 

sample surface
⁃ Imprecise measure of the cross-sectional 

area of the sample
⁃ Misalignment from the loading axis
⁃ Material slippage due to insufficient 

contact force
⁃ Damage of the sample surface
⁃ Friction generated at the specimen/platen 

interface
⁃ Sample buckling
⁃ Inertia effects (in dynamic compression 

test)
Indentation ⁃ Assumptions used in models to simulate the 

sample
⁃ Effect of adhesion/friction between the 

sample and indenter
⁃ Imprecise determination of the contact 

point
⁃ Misalignment of the indenter tip
⁃ Effect of a small and/or thin sample
⁃ Effect of roughness/non-flat sample surface
⁃ Damage of the sample
⁃ Inertia of the system and sample

Atomic force microscopy ⁃ Assumptions used in models to simulate the 
sample

⁃ Effect of interaction forces
⁃ Effect of roughness/non-flat sample surface
⁃ Effect of cantilever beam slippage
⁃ Damage of the sample surface
⁃ Inertia effects
⁃ Spring's constant calibration
⁃ Cantilever's sensitivity

Rheometry ⁃ Assumptions regarding material 
deformation

⁃ Effect of pre-compression
⁃ Material slippage
⁃ System and sample inertia effects
⁃ Boundary effects
⁃ Friction of bearings
⁃ Residual torque of bearings
⁃ Volumetric effects
⁃ Sample rupture

Ultrasound elastography (and 
Magnetic resonance 
elastography)

⁃ Assumptions regarding tissue deformation 
and/or shear wave propagation

⁃ Effect of viscosity
⁃ Effect of external precompression
⁃ Partial volume averaging artifacts
⁃ Effect of attenuation of vibration energy 

during propagation
⁃ Selected region of interest for analysis
⁃ Effect of superimposed compressional and 

shear waves
⁃ Effect of respiration
⁃ Effect of patient position
⁃ Operator skill

Optical coherence elastography ⁃ Assumptions used in models
⁃ Contributions from non-shear modes
⁃ Timing jitter and frequency nonlinearity in 

lasers
⁃ Rapid tissue motion or structural changes 

between scans

Table 1 (continued )

Technique Source of Error and Uncertainty

⁃ Imperfect synchronisation between the 
trigger signal and data acquisition

⁃ Reflections and interference from tissue 
interfaces or sample edges

⁃ Effect of physiological movements
⁃ Effect of anisotropy and viscoelasticity
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materials. The loading curve is often used to extract the elastic modulus 
for purely elastic contact (e.g., using Hertzian theory (Pogoda et al., 
2012)), while the upper part of the unloading curve is used in the 
Oliver-Pharr method for elastic-plastic contacts (Oliver and Pharr, 1992; 
Andriotis et al., 2023). Nonlinear regions can additionally be analysed 
using energy-based or polynomial fitting approaches (Kontomaris et al., 
2021; Ding et al., 2018). Shear and loss moduli are commonly deter
mined from oscillatory or dynamic measurements, where the amplitude 
and phase shift of the response provide information on the material's 
elastic and viscous behaviour (Koruk and Rajagopal, 2024). These 
methods allow a comprehensive characterisation of material properties, 
even when the experimental response is nonlinear, highlighting the 
importance of graphical data in both understanding and comparing 
mechanical behaviour. Graphical representations have been shown to be 
important in determining the viscoelastic properties of materials by 
measuring the area differences between the loading and unloading 
curves in a nanoindentation experiment (Ciasca et al., 2016).

Characterising the mechanical properties of soft materials is highly 
sensitive to the specific strain state and loading regime employed during 
analysis. While uniaxial testing is the conventional method for evalu
ating longitudinal stiffness, it often fails to capture the anisotropic 

complexities revealed by biaxial loading, which more accurately mimics 
the multi-axial stress states found in physiological tissues (Cooney et al., 
2015; Takada et al., 2023). Furthermore, the distinction between 
quasi-static and dynamic testing is vital, as the inherent 
frequency-dependent viscoelasticity of soft materials means that equi
librium responses can differ substantially from those measured under 
physiological loading rates (Wang and Liu, 2014; Boyer et al., 2009). 
Consequently, selecting a technique requires aligning the experimental 
strain state and rate with the intended application to ensure the resulting 
data is both representative and predictive.

Mechanical characterisation techniques for soft tissues and phan
toms rely on models that often assume pure elasticity, linearity, isot
ropy, homogeneity, and near-incompressibility to convert raw data - 
such as force-displacement or shear wave speed - into material proper
ties (Mulk et al., 2023; Fung, 1993). However, when these assumptions 
are violated, results represent “apparent properties” rather than true 
material properties, leading to significant inaccuracies. For instance, 
assuming pure elasticity in viscoelastic tissues causes static tests to 
overestimate stiffness and creates frequency-dependent discrepancies 
due to phase lag (Ormachea and Parker, 2020), while applying linear 
models to large deformations fails to account for physiological 

Table 2 
Mechanical properties of various soft materials measured using different identification techniques.

Material Parameters Techniques Identified Values Comparison

Gelatine (7%) phantom (Amador et al., 2011) Shear modulus, G Macro-indentation GA = 1.16 kPa GB ≅ 1.4⋅GA

Ultrasound elastography (SDUV) GB = 1.61 kPa
Gelatine (20%) phantom (Czerner et al., 2015) Young's modulus, G Compression test EA = 43 kPa EB ≅ 0.9⋅EA 

EC ≅ EA 

ED ≅ 1.6⋅EA

Rheometry (oscillatory) EB = 39 kPa
Nano-indentation EC = 42 kPa
Macro-indentation ED = 67 kPa

Polyacrylamide (30:0.5d) gel (Buffinton et al., 2015) Young's modulus, E Nano-indentation EA = 11.9 ± 0.2 kPa EB ≅ 1.3⋅EA 

EC ≅ 2⋅EACompression test EB = 15.9 ± 1.0 kPa
Pipette aspiration EC = 24.2 ± 6.9 kPa

Porcine sclera tissue (Nayar et al., 2012) Storage & loss Young's 
moduli, 
Eʹ & Eʹ́

Compression test EÁ = 405.4 ± 205.0 kPa 
Eʹ́

A = 280.4 ± 172.4 
kPa

Eʹ
B ≅

1
8

Eʹ
A 

Eʹ́
B ≅

1
50

Eʹ́
A

Nano-indentation EB́ = 53.4 ± 39.1 kPa 
Eʹ́

B = 6.1 ± 1.9 kPa
Human liver tissue (Zhao et al., 2014) Shear modulus, G Magnetic resonance elastography GA = 1.5 − 11.3 kPa GB ≅ 2⋅GA

Ultrasound elastography (shear 
wave)

GB = 1.2 − 26.1 kPa

Porcine (lobe II) liver (Żmudzińska et al., 2018) Young's modulus, E Ultrasound elastography (shear 
wave)

EA = 14.9 ± 2.7 kPa EB ≅ 1.1⋅EA 

(ε = 2.5 −

7.5%) 
EB ≅ 1.6⋅EA 

(ε = 5 − 10%)

Macro-indentation EB = 17.0 ± 12.1 kPa 
(for ε = 2.5 − 7.5%) 
EB = 23.6 ± 18.4 kPa 
(for ε = 5 − 10%)

Porcine lung (Polio et al., 2018) Young's modulus, E Micro-indentation EA = 1.4 ± 0.4 kPa EB ≅ 2.4⋅EA 

EC ≅ 2.4⋅EA 

ED ≅ 4.4⋅EA

Rheometry (oscillatory) EB = 3.3 ± 0.5 kPa
Tensile testing EC = 3.4 ± 0.4 kPa
Cavitation rheometry ED = 6.1 ± 1.6 kPa

Human cells (Wu et al., 2018) Young's modulus, E Atomic force microscopy EA = 13.5 ± 7.0 kPa EB ≅
1
15

EA 

EC ≅
1
8
EA

Rheometry (oscillatory) EB = 0.95 ± 0.15 kPa
Magnetic twisting cytometry EC = 1.62 ± 0.11 kPa

Agarose (2%) hydrogel (Symons et al., 2022) Young's modulus, E Micro-indentation EA = 27 ± 3 kPa EB ≅ 1.5⋅EA

Compression test EB = 40 ± 5 kPa
Gelatine (12%) phantom (Yengul et al., 2019) Storage & loss shear 

moduli, 
Gʹ & Gʹ́

Ultrasound elastography (shear 
wave)

GÁ ≅ 2.8 ± 0.1 kPa 
Gʹ́

A ≅ 0.6 ± 0.1 kPa
GB́ ≅ 0.9⋅GÁ 
Gʹ́

B ≅ 1.7⋅Gʹ́
A

Rheometer (torsional vibration) GB́ ≅ 2.6 ± 0.3 kPa 
Gʹ́

B ≅ 1.0 ± 0.3 kPa
Oil-in-gelatine (40%) phantom (Zhu et al., 2015) Shear modulus & 

viscosity, 
G & η

Rheometry (rotary) GA = 1.06 ± 0.18 kPa 
ηA = 4.90 ± 0.20 Pa ⋅s

GB ≅ 1.2⋅GA 

ηB ≅ 0.6⋅ηA 
GC ≅ 5.6⋅GAUltrasound elastography (SDUV) GB = 1.31 ± 0.09 kPa 

ηB = 2.89 ± 0.14 Pa ⋅s
Ultrasound elastography (ARFI – 
shear wave)

GC = 5.90 ± 0.36 kPa

Poly(vinyl alcohol) hydrogel (φ0 = 0.075; Nj = 20) (
Richbourg et al., 2022)

Shear modulus, G Tensile test GA ≅ 65 kPa GB ≅ 0.9⋅GA 

GC ≅ 0.7⋅GA 

GD ≅ 1.1⋅GA 

GE ≅ 1.6⋅GA

Compression test GB ≅ 60 kPa
Rheometry GC ≅ 45 kPa
Macro-indentation GD ≅ 70 kPa
Nano-indentation GE ≅ 105 kPa
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“strain-stiffening” common in biological tissues (Wang et al., 2023b). 
Furthermore, assuming isotropy in fibrous tissues like muscle or tendon 
ignores the directional dependence of mechanical response (Pirri et al., 
2025; Guertler et al., 2020), and neglecting heterogeneity or 
compressibility can result in “averaging” errors and incorrect Young's 
Moduli calculations (Saccomandi et al., 2022). These discrepancies are 
particularly critical in clinical applications like ultrasound elastography, 
where shear wave speeds may vary with probe orientation or excitation 
frequency, potentially leading to diagnostic errors (Gennisson et al., 
2013; Kimondo et al., 2025; Qiu et al., 2026).

The relative expense and operational effort of soft tissue character
isation are primarily dictated by instrumentation complexity and the 
rigor of specimen preparation. Laboratory techniques such as indenta
tion, tensile, and compression testing are generally the most cost- 
effective and accessible, yet they demand significant manual effort for 
precise specimen dissection, standardised gripping, and extensive pre
conditioning cycles required to ensure data repeatability (Griffin et al., 
2016). In contrast, AFM and rheometry involve higher costs and inten
sive operational labour due to specialised nanoscale calibration re
quirements and complex analytical post-processing to fit data to 
mechanical models (Galluzzi et al., 2018). Clinically, ultrasound elas
tography provides a low-cost, portable, and real-time solution with 
minimal operational overhead, often serving as a frontline diagnostic 
tool (Gennisson et al., 2013). Conversely, MRE remains the most 
expensive and effort-intensive modality, restricted by the high overhead 
of MRI facilities and the technical coordination of external mechanical 
vibration drivers (Ehman, 2022).

The key procedures and guidelines for various techniques used to 
characterise the mechanical properties of soft tissues and phantoms are 
outlined in Table 3. The contribution of specific parameters to the 
overall error or uncertainty of the identified properties is variable and 
context-dependent, relying on factors such as the sample's inherent 
stiffness and the applied loading conditions, such as the rate in rheom
etry or the force/depth in indentation. For instance, the precise contact 
point position in indentation testing can introduce a huge effect at low 
indentation depths (δ/R≪0.1), where initial data points disproportion
ately influence fitting results, while at higher indentation depths (δ/ R >

0.1), the assumptions inherent in the contact model itself may produce a 
larger source of error (Lin et al., 2009). Therefore, a complete analysis 
absolutely requires pinpointing these diverse sources of uncertainty and 
conducting a thorough uncertainty analysis (Famaey et al., 2026), sys
tematically adhering to established international guidelines like the 
Guide to the Expression of Uncertainty in Measurement (ISO/IEC Guide 
98-1, 2024). This rigorous process mandates considering two distinct 
types of uncertainty for each identified source: type An uncertainty, 
which is derived directly from the statistical analysis of repeated ob
servations and experimental data, and type B uncertainty, which is 
determined using prior external information such as manufacturer 
specifications, available calibration data, or established reference 
handbooks (Alvarenga et al., 2026). The overall, combined uncertainty 
of the identified material properties must then be meticulously deter
mined by consolidating all these sources, for example, by utilising the 
well-established propagation of uncertainty method (ISO/IEC Guide 
98-1, 2024). Consequently, researchers are strongly encouraged to sys
tematically determine and report these corresponding uncertainties 
alongside the calculated mean mechanical properties, which ultimately 
helps clinicians and other researchers to more accurately explore po
tential outcomes, their inherent variability, and their associated likeli
hoods within practical applications.

Recognising that measurement systems possess unique characteris
tics, any proposed framework must serve as a contextual guide for 
establishing uncertainty, particularly when dealing with “black box” 
experimental or clinical systems. To ensure reliability in real-world 
scenarios, a structured validation approach is recommended, encom
passing inter-laboratory comparisons with standardised materials to 
assess reproducibility, cross-platform evaluations using phantoms to 

Table 3 
Key procedures and guidelines for various techniques to characterise the me
chanical properties of soft tissues and phantoms.

Technique Key Procedures Guidelines

Tensile testing ⁃ Prepare dog-bone or 
dumbbell-shaped speci
mens to ensure failure in 
the narrow centre, not at 
the grips.

⁃ Mount the sample in the 
testing machine with 
appropriate grips to avoid 
cutting or slippage (e.g., 
using specialised soft- 
material fixtures or encas
ing ends).

⁃ Apply a controlled, 
continuous tensile (pulling) 
force at a constant speed, 
stretching the specimen 
until it breaks or desired 
deformation is reached.

⁃ Measure the applied force 
and the corresponding 
change in length 
(elongation) continuously, 
often using an 
extensometer.

⁃ Obtain a precise 
measurement of the 
sample's cross-sectional 
area.

⁃ Ensure proper alignment of 
the specimen in the 
machine to avoid bending 
stresses.

⁃ Maintain consistent 
environmental conditions 
(temperature, humidity), 
as they can affect material 
properties.

⁃ Use extensometers (contact 
or noncontact) for accurate 
strain measurement, 
isolated from machine.

⁃ Use consistent strain rates 
across comparative 
samples, as soft materials 
are often strain-rate 
sensitive.

Compression 
testing

⁃ Prepare short, squat 
cylindrical or cubical 
samples to prevent 
buckling.

⁃ Place the specimen between 
parallel plates (platens) of 
the machine.

⁃ Ensure the platens are 
parallel and aligned 
correctly to avoid eccentric 
loading.

⁃ Apply a compressive load to 
the specimen at a constant, 
uniform rate of speed.

⁃ Continuously measure and 
record the applied force and 
the corresponding 
displacement (deformation) 
data.

⁃ Measure the cross-sectional 
area of the sample 
precisely.

⁃ Ensure platens are flat and 
parallel to within strict 
tolerances to ensure 
uniform load transfer and 
prevent bending.

⁃ Use lubrication on contact 
surfaces to minimise 
friction and prevent 
barrelling of the sample.

⁃ Environmental stability is 
paramount; maintain 
consistent temperature and 
humidity levels to preserve 
material integrity.

⁃ Use a non-contact exten
someter or a deflectometer 
for more accurate strain 
measurements, free from 
machine compliance 
errors.

Indentation ⁃ Place sample on a flat, rigid 
substrate.

⁃ Lower an indenter of a 
defined geometry (e.g., 
sphere, cone, pyramid) onto 
the sample surface.

⁃ Perform the test using a 
depth-control mode, which 
is more reliable for very 
compliant materials than 
force control.

⁃ Measure the load (force) 
required for a specific 
indentation depth.

⁃ Choose appropriate 
indenter size and shape for 
the sample's heterogeneity 
and desired length scale 
(macro, micro, nano).

⁃ Ensure a flat, even sample 
surface for accurate results.

⁃ Control the indentation 
depth to remain within the 
limits of the chosen model 
and minimise substrate 
effects if testing thin 
samples.

⁃ Determine the contact 
point accurately in the 
force curves.

⁃ Select the correct contact 
mechanics model based on 
the material's properties 
(adhesion, elasticity).

Atomic force 
microscopy

⁃ Select an appropriate AFM 
mode (e.g., force 
spectroscopy, 
nanomechanical imaging) 
and a cantilever with a 
stiffness that broadly 

⁃ Ensure the sample surface 
is clean and relatively free 
of contaminants.

⁃ Use blunt or colloidal 
probes for more 
reproducible results and to 

(continued on next page)
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identify systematic differences, and prospective studies on representa
tive cohorts to validate practical performance. In addition, discrepancies 
should be minimised through regular instrument calibration, multi
modal measurement strategies, and strict environmental controls, while 
potential biases can be quantified by benchmarking results against in
dependent mechanical testing and diverse estimation techniques.

4. Conclusion

In contrast to conventional stiff engineering materials, soft materials 
(e.g., gels and tissues) are fragile, require low force levels for deforma
tion, exhibit both elastic and viscous behaviour, and their mechanical 
properties are influenced by multiple factors such as loading rate, fre
quency, and temperature. As a result, identifying their mechanical 
properties poses significant challenges. Common laboratory techniques 
include tensile testing, compression testing, indentation, atomic force 
microscopy and rheometry, while clinical methods comprise ultrasound 
elastography and magnetic resonance elastography. Each technique in
volves specific limitations and drawbacks. Considerable variability can 
arise in the identified mechanical properties of soft materials when 
different techniques are used, or when the same technique is applied 
across different laboratories. Although it may not be feasible to elimi
nate all sources of error and uncertainty, reducing the influence of those 
identified in this study is essential in improving the accuracy and reli
ability of mechanical properties characterisation. Systematically deter
mined and reported uncertainties should accompany mean mechanical 
properties to help clinicians and researchers accurately assess outcomes, 
variability, and likelihoods in practical applications. This comprehen
sive review highlights the need to develop more reliable test rigs and 
procedures for accurately determining the mechanical properties of soft 
materials across nano-, micro- and macro-scales. The findings presented 
in this paper are intended to serve as a valuable resource for researchers 
working to characterise these properties using a range of techniques.
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