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Abstract

Biomechanics of the skin is an important subject in skin re-
search. It has been studied for many decades involving vari-
ous technologies and methods to characterize and quantify
mechanical properties of the skin under different in vivo con-
ditions. The present EEMCO paper reviews the current rel-
evant information, providing practical orientation to re-
searchers dedicated to in vivo assessment of biomechanics
of skin and its annexes. We discuss the available non-inva-
sive instruments, including their principles and variables. A
correspondence between the descriptors nomenclature
proposed by Agache and the designation for the suction-
based standard instruments is proposed. The addressed
properties include skin softness/stiffness, firmness, elastici-
ty, elastic and viscoelastic properties, extensibility, resil-
ience, anisotropy, acoustical shock wave hardness, friction
(in relation to topographic properties), thickness, fiber/stress
mechanics (bending, cyclic, tensile, fatigue, or torsion), and
hardness. We provide the relation of these properties to bio-
mechanical descriptors and in some cases to Sl units. Practi-

cal guidance for the proper use of these instruments, limita-
tions, and possible interpretations are provided, while dis-
cussing the meaning of descriptive or “phenomenological”
variables. For studies intended to quantify the effect of an
intervention with regard to mechanical properties, we rec-
ommend a minimum of 30-40 participants, based on normal
distribution of the data sets. Some important limitations are
recognized, including the lack of standardization of proce-
dures and calibration of instruments, which compromises
the relevance and real nature of the descriptors/parameters
obtained with these devices. The present work highlights an
approach to a better practice and a science-supported bio-
mechanical assessment of human skin, hair, and nails.

© 2019 S. Karger AG, Basel

Introduction

Biomechanical properties are an important theme in
skin research. It has been studied for many decades [1, 2]
and has fostered a variety of related knowledge which in-
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cludes diverse technologies and methods to understand,
characterize, and quantify its properties under different
in vivo conditions. Almost 20 years ago, the EEMCO
group published two papers on this topic for human skin
[3, 4]. These papers reviewed the knowledge and dis-
cussed the available non-invasive instruments, including
their principles and variables. In addition, practical guid-
ance for their proper use, limitations, and interpretation
was provided, while discussing the meaning of so-called
phenomenological variables [2].

Extensive research on different aspects of skin “anisot-
ropy,” a term broadly used to address the different orien-
tation patterns of mechanical stress, has since been pub-
lished [5-10]. Variation with skin thickness, the specific
contribution of skin layers to this property, and distinc-
tions related to anatomy and gender have been addressed
[3, 11]. This research has been approached from the skin
ageing perspective and, furthermore, by aesthetic derma-
tology, regenerative medicine, and cosmetology. It has
been suggested that skin biomechanics is a dynamic pro-
cess, also influenced by other parameters, e.g., structural
biomics, epidermal water and lipid content, as well as mi-
crocirculation [12, 13]. An accurate quantitative assess-
ment of skin biomechanics is useful for characterization
of some skin diseases and to monitor the efficacy of ther-
apeutic/aesthetic/cosmetic interventions.

Additionally, the fast-growing cosmetic market of
makeup and haircare products expanded research on hair
and nail properties. The efficacy of cosmetics on hair
characteristics, including mechanics, is a consistent issue
for clinical and aesthetic dermatology. The complexity of
this keratin-material, a consequence of a very particular
alignment of its components, structure, and substructure,
explains the different deformation modes and behaviour
in different environments (humidity/water content), all
directly relating to hair tensile properties. Hair anisotro-
py, primarily caused by the orientation of keratin fibres,
has been explored as a comparator [14-16]. Recent evi-
dence suggests that the complex mechanics involved in
bending and twisting, very different from the longitudi-
nal stretch deformation, also depends on longitudinal
shear stress [17]. In the last 20 years several instruments
have been developed to measure the mechanical proper-
ties of human skin, hair, and more recently, fingernails
[18].

The EEMCO publication of 2001 [4] is one of the most
cited papers in in vivo evaluation of skin biomechan-
ics. After 20 years, a full update of instrumentation and
measuring modes is justified. The choice of which equip-
ment(s) and measurement parameter(s) are adequate to
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evaluate skin mechanical properties is still under discus-
sion. Each device generates several parameters, adding to
the complexity and discrepancy between those “descrip-
tors” and physical mechanical equivalents obtained from
elastic or plastic materials [4]. However, it is not yet fully
understood if and how descriptors obtained from each
technique are related to each other, nor their exact clinical
relevance.

The present paper revisits and extends the scope of the
previous publications to recent domains including com-
mercially available innovation such as hair and nail bio-
mechanics. It is not a systematic review but rather a com-
pilation of information gathered by the authors consider-
ing the journals’ relevance in the area. Characterisation of
commercially available instruments (e.g., Table 1) exclu-
sively results from information obtained at each manu-
facturer’s website. The search options were determined
by the relative presence in PubMed (e.g., for suction
methods with approx. 300 references, 90% used the Cu-
tometer® system) while new devices and/or applications
were chosen on the basis of the scientific novelty and con-
tent consistency. Ultimately, the aim is to add practical
objective orientation to researchers dedicated to better
understanding the in vivo biomechanics of skin and its
annexes.

Measuring Systems for Biomechanical Assessment

Most of the currently used systems to assess the bio-
mechanical properties of human skin are based on im-
posing a variable load, vertical (positive or negative), hor-
izontal, or linear, on the measuring surface [4]. Some of
these instruments are commercially available (Table 1).
The Cutometer®, the Dermal Torque Meter®, and the
DermaLab® are certainly still in use. Advances in elec-
tronics and basic knowledge led to an evolution of older
principles (Indentometer®, Elastimeter®, Durometer®),
but also promoted new approaches such as the microcon-
formal modulus sensor, the CutiScan®, and the Khelom-
eter®.

Studies on mechanical properties of human hair and
wool were initiated more than 90 years ago [19-21]. The
main motivation, to understand the mechanisms of hair
damage and to study the impact of hair treatments on hair
properties, was the consequence of a fast-growing con-
sumer market (dyes, wave lotions, bleaches, and straight-
eners). The first studies on human hair mechanics re-
ceived a valuable contribution from the textile industry,
considering the experience gathered around wool [19, 22,
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Table 1. Summary of commercially available systems

Devices

Addressed properties

Biomechanical descriptors/units

Indentometer IDM 800

Skin softness/stiffness

Depth (mm)

Cutometer® Dual MPA 580

Skin firmness, elasticity, elastic and visco-
elastic properties, extensibility, resilience

R1-R9Y, F and Q parameters (mm/AU/AUC)

CutiScan® CS 100

Viscoelasticity and anisotropy

V parameters (mm)

Reviscometer® RVM 600!

Acoustical shock wave hardness

Resonance running time (RRT)

Frictiometer FR 700

Skin friction (in relation to topographic
properties)

Friction (AU)

Nail StrainStress Meter NM 100

Firmness, elasticity, and thickness

Deformation (AU), resistance (AU), thickness
(mm)

DermaLab® and DermaLab Combo®

Elastic properties

Young’s modulus (N/m?), retraction time (s), and
viscoelasticity (AU’s)

Dermal Torque Meter' Torsional
Ballistomer® (BLS 780)

Skin firmness and elasticity

Indentation (mm); K as the start height of the
probe tip above the skin surface (AU); Alpha as
the rate of energy damping (AU) coefficient of
restitution — CoR (AU), and area

Dia-Stron MTT 690®

Fibre/stress mechanics (bending, cyclic,
tensile, fatigue, or torsion)

Stress/strain curves with break detection, stress
relaxation, hysteresis, and creep

Elastimeter® Skin elasticity Instant skin elasticity (ISE) (AU)
SkinFibroMeter® Skin and subcutaneous induration Force (N)

Durometer® Skin hardness SU (shore units)

DynaSKIN® Skin firmness and elasticity Deformation (AU)

Available systems to assess biomechanical properties of the skin and its annexes. Respective properties and measurement descriptors/
parameters are also indicated (all information gathered from the manufacturer’s websites). AU, arbitrary units; AUC, area under the

curve. ! Currently not available (the Dermal Torque Meter has been replaced by the Torsional Ballistomer (BLS 780).

23]. It rapidly evolved to a specific area of knowledge,
adapting known instruments to study the physical and
mechanical properties of human hair [24]. The Dia-Stron
MTT 690®, a pneumatic dynamometer, became a refer-
ence for hair fiber tensile studies, providing full assess-
ment of hair mechanics [25] (Table 1). The main features
have been addressed in recent research papers and re-
views [16, 24, 26].

Instruments and Descriptors for Skin Biomechanics

Assessment

In the last 15 years, several comprehensive reviews of
the available equipment to measure the biomechanical
behaviour and properties of the human skin have been
published [12, 13, 27-29]. The growing interest in this
domain also encouraged the development of new instru-
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ments, novel approaches, and new applications of already
established principles, but have not all reached the mar-
ket.

“Indentometry” is an example of this evolution, long
used to calculate the Young modulus by the deformation
of skin and underlying tissues. Several systems have
been developed by applying the Hertz theory of contact
mechanics, quantitatively described by the Kelvin-Voigt
model [30]. This technique, developed to quantify stiff-
ness/hardness/firmness/softness, was successfully ap-
plied to in vivo skin studies [8, 29, 31, 32], especially to
skin ageing, to in vitro skin models [30], and related
medical applications [33]. The measurement principle
of the Indentometer IDM 800% (Courage and Khazaka,
Cologne, Germany) and the Elastimeter (Delfin Tech-
nologies, Finland) is based on skin deformation induced
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Indentation

- SW

Fig. 1. llustration of the working principle of “indentometry” (a):
probe head from the Indentometer IDM 800, CK Electronics (b),
and a portable Elastimeter unit from Delfin Technologies (c). Mea-
surement is based on the force (by a spring) used on the small in-
denter of the probe to deform the skin. The device measures how
the probe indenter displaces the skin (the firmer/stiffer the skin,
the lesser displacement). According to the manufacturer, the pen-

by forces of the instrument’s probe, displacing the skin
(Fig. 1). The firmer/stiffer the skin, the less deep is the
registered displacement. More recently, the SkinFi-
broMeter® (Delfin Technologies) was introduced to
measure the force of induration on skin and subcutane-
ous tissue [34]. Neither the Indentometer IDM 800 nor
the SkinFibroMeter have been sufficiently reviewed to
allow a proper evaluation of their data quality and ap-
plicability.

The Durometer (Rex Gauge, IL, USA) measures the
hardness of non-metallic materials and was the first in-
strument to measure skin hardness [33]. The system con-
tains a calibrated gauge by which a good reproducibility
and accuracy have been reported [33, 35]. “Durometry”
is, therefore, a technique with great interest, for recog-
nized accuracy but also for its ease of use. Nevertheless,
its dependence on the subcutaneous tissue, which is need-
ed for a more precise measurement, might limit its appli-
cation in normal skin and cosmetic testing [33] (Fig. 1).

A few nano/microscale indentation techniques pro-
vided interesting information on the mechanical contri-
bution of individual skin layers. One paper on porcine
skin samples suggested that the stratum corneum elastic
modulus is approximately three times higher than that
of the dermis [11]. The authors concluded that for rela-
tively shallow and deep indentations, skin elasticity is
differently determined by the stratum corneum and der-
mis, respectively. This model, supported by microscopy
observations and indentation measurements, further
suggested that skin deformation could be interpreted in
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etration depth of the pin is measured in millimetres and an instant
skin elasticity (ISE) can be obtained with the Elastimeter (from
www.courage-khazaka.de/en/scientific-products/all-products/
probe-systems/16-wissenschaftliche-produkte/alle-
produkte/173-indentometer-e and www.delfintech.com/en/prod-
uct_information/elastimeter/; accessed May 7, 2019).

the context of a layered structure model consisting of a
stiff and hard surface layer on a compliant and soft sub-
strate.

Opto-electronic sensors or strain gauges provided in-
novative approaches by recording the resistance of skin
to deformation and its recovery with time. An alternative
non-mechanical approach determines the propagation of
shear waves [5]. The measured variations primarily de-
pend upon the hardness of a given material, including
skin. The Reviscometer RVM 600® (Courage and Khaza-
ka) is based on the transmission of an acoustical shock
wave across the skin and in the measurement of the reso-
nance running time (RRT) [36]. RRT might also be mea-
sured in different orientations (0-360°) providing a semi-
quantitative assessment of anisotropy, mainly as a func-
tion of the RRTmax/RRTmin ratio [5-7]. The measuring
principle of the device is especially influenced by the pres-
sure used on the skin. A higher RRT means the waves take
more time to propagate, e.g., the less stiff is the skin [5].
However, this method is still under discussion since dif-
ferent researchers found both positive and negative sig-
nificant correlations between RRT and skin elasticity as-
sociated to ageing [7, 8, 31]. At the time of writing, this
system was not commercially available (Table 1).

The CutiScan CS 100 (Courage and Khazaka) is a de-
vice that quantifies skin elasticity over 360°, designed to
assess in vivo skin biomechanics including anisotropy
and directionality. According to the manufacturer, the
probe (Fig. 2) combines mechanical force and imaging,
including a built-in suction ring that draws the skin uni-
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Fig. 2. Measuring probe of the CutiScan
CS100, equipped with a 14-mm-diameter
suction ring which draws the skin uniform-
ly at a constant pressure for a defined time
span and then releases the applied pressure.
A high-resolution CCD camera inside the
probe monitors the displacement of the
skin during suction and release by an opti-
cal flow algorithm (Horn-Schunk meth-
od), generating the graphical representa-
tion of the movement from which several
quantifiers are obtained [37].

formly in all directions with a constant negative pressure
[37].

The system provides a high-resolution video of the
skin movement during suction and release, generating an
“elasticity curve” graph showing the displacement (height
in a 3D graph) over the measurement time along with
new mechanical descriptors [37]. The maximum dis-
placement during suction time, called V1, relates to “firm-
ness” and indicates the ability of the skin to resist the dis-
placement. The less firm the skin, the higher V1. The re-
turning rate during the relaxation time V2 represents the
ability of the skin to retract to its original state. The clos-
er V2 values are to the maximum amplitude V1, the high-
er the return rate and the better the viscoelasticity. The
software also generates a V3 graph, showing a curve of the
ratio of V2/V1 expressed as a percentage. It relates to the
ability of resisting the displacement versus the ability to
return to the original position. The higher the V3, the bet-
ter the elasticity. The more uniform the curve, the less
anisotropic the skin. The CutiScan parameters have been
compared with those provided by Cutometer and Revis-
cometer® in delivering some relationships, while provid-
ing more detailed information about skin anisotropy
through a 360° analysis [8]. Active 3D representations of
in vivo skin biomechanics were proposed by the displace-
ment analysis of time-angle-height provided by the Cuti-
Scan. Age-related and anatomically based differences in
the viscoelastic profile in vivo could be identified [38, 39].

The extension assessment consists of a test with two
moving pads attached to the skin surface and measure-
ment of the force induced by the pad displacements. Re-
cent advances in this methodology have addressed the is-
sue related to the earlier instruments held by a stand. In
the early models forces from interactions between the
tested skin and the experimental device had to be kept
sufficiently small to be neglected, or measured to be taken
into account during analysis [40]. To solve this problem,
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various prototype hand-portable devices operating di-
rectly on free skin were developed to be insensitive to
small body movement disturbances [9, 41]. Recently, an
ultra-light prototype extensometer device was developed
to perform various uniaxial tensile tests with either effort
or displacement control [40]. This traction test is comple-
mented with full thickness measurements, by ultrasound,
which allows the acquisition of stress-strain curves while
a parallel imaging unit enables the image recording of the
area and strain fields along with the respective digital
analysis.

The development of biosensors provided solutions to
deal with practical difficulties related to measuring in
high mobility curved anatomical areas (e.g., joints) [42,
43]. A microconformal modulus sensor system enabling
soft and reversible conformal contact with the underlying
complex topography and texture of the human skin was
designed to provide accurate and reproducible non-inva-
sive measurements of the viscoelastic modulus under
both quasi-static and dynamic conditions [44]. The use of
ultrathin, stretchable networks of mechanical actuators
and sensors constructed with nanoribbons of lead zir-
conate titanate and attached via soft, reversible lamina-
tion onto the skin, enables rapid, quantitative assessment
of viscoelastic moduli, with the ability for spatial mapping
[42].

An electro-mechanical device, the Khelometer (Asahi
Techno Lab, Japan), was introduced for measuring the
lateral stiffness/rigidity of the skin using a specially de-
signed probe applicable to measure all anatomical regions
[45]. After being calibrated with different stiffness elasto-
mer substrates, the device records the force opposing to a
progressive lateral constraint (slightly compressing). The
small amplitude and speed of the lateral constraint can be
adjusted according to the requirements of the anatomical
site. Results from preliminary studies suggest that this de-
vice is adaptable to almost all anatomical skin sites, the
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scalp being the most evident example of specific require-
ments, with higher stiffness than other body areas. The
lateral skin deformation can be adjusted (length of dis-
placement, application time) according to the specific re-
quirements (e.g., size, stiffness, presence of hair) of the
anatomical site to be studied [45]. This device measures
skin stiffness in N/mm.

High-frequency ultrasound elastography has been de-
veloped to assess in vivo skin biomechanics by the shear
wave velocity from intrinsic deformation induced by ar-
terial pulsation [46]. Elastography estimates mechanical
properties of the tissue. High-frequency ultrasonography
provides high-resolution measurements, allowing the in
vivo assessment of flexibility and retractability, which re-
sults from a combination of viscoelasticity and micro-
structures unevenly distributed within the dermis. Ac-
cording to the authors, the shear wave velocity, estimated
from the measured velocity, was 0.14 m/s in the epider-
mis, and 0.06 m/s in the dermis. Due to the proportional-
ity of the stiffness of the skin and the shear wave velocity,
the authors concluded that the stiffness of the epidermis
was higher than that of the dermis [46].

Non-contact techniques have been developed to over-
come some of the restraints associated with contact de-
vices. The weight of the probe/device in contact with the
skin, or the adhesive tape that is used to keep the probe in
a constant position, can change its mechanical behaviour.
In fact, it has been long known that the double-sided ad-
hesive tapes used in this type of measurements show
time-dependant creep deformation [47]. Non-contact
techniques may eliminate these artefacts and other poten-
tial sources of measurement errors [4, 12, 48]. Prototypes
of non-contact devices using air flow pressure have been
employed in vivo for skin biomechanics and in ageing
studies [49, 50]. Only recently, a non-contact optical mea-
surement technique based on three-dimensional digital
image correlation (3D-DIC) was applied to skin mechan-
ical analysis and compared with the established Cutom-
eter [51]. According to the authors, 3D-DIC allows a vi-
sual mapping of mechanical metrics at the measurement
surface. They claim that the new device provides better
precision and higher accuracy measurements by being
less prone to the variability due to the subject’s in and out-
of-plane positioning when compared to 2D imaging tech-
niques. Moreover, measurements are preceded by the
construction of a pixel-to-length scale, a calibration pro-
cedure that ensures accuracy of all image correlations of
grey value variations between the target and reference im-
ages [51]. Skin mechanical properties are described in
terms of major strain, minor strain, and displacement.

Assessment of Biomechanical Properties
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Significant relationships between 3D-DIC and Cutome-
ter descriptors were calculated for p (displacement) and
R5, R7, and R8 (see below) [51]. The 3D-DIC does not
impose any mechanical displacements itself, which re-
duces this source of error. Moreover, it provides direc-
tional and spatial information which can be associated
with the mechanical properties. This is not possible using
conventional (contact) methods [38]. Another potential
interest might come from those mechanical metrics not
related to the Cutometer descriptors, as other biome-
chanical-related properties or views may be obtained
[51].

A new device, the DynaSKIN, using non-contact me-
chanical pressure in combination with fringe projection
is able to quantify and visualize the skin response in 3D
[52]. The DynaSKIN, in contrast to other pressure-relat-
ed devices, uses a positive pressure to deform the skin and
test its response to mechanical force application. The in-
strument releases a force-calibrated jet of air, close to the
skin surface, that indents the skin simulating, according
with the authors, the consumer’s tactile judgement of
firmness. The deformations’ 3D geometry and deforma-
tion recovery are quantifiable. These parameters corre-
spond to the mechanical properties of the skin described
by its stiffness or firmness. The larger the deformation,
the less firm the skin [52]. The interest of this new instru-
ment is indisputable, but more studies are needed for a
proper evaluation of its usefulness.

Hair Biomechanics Assessment

Tensile strength analysis of single hair fibres is a regu-
lar requirement for haircare industry development to
provide a measure for efficacy and exposure tests for spe-
cific haircare products. Hair mechanical characterization
essentially involves resistance to stretch (strain rate), elas-
ticity, and hydrophilic power [16, 24]. Hair behaves both
elastically and plastically within the elastic and transfor-
mation regions [16]. Hair shows different strain-rate be-
haviours in different ambient humidity and temperature
ranges. Stretching is a hair attribute under the action of a
distal force (length), returning to the initial dimension
when force stops. When dry, the hair thread may stretch
20-30% of its length, and when wetted this may reach up
to 50% [15, 16, 24]. Exaggerated exposure to these vari-
ants or other physical and chemical elements, including
UV radiation, hairdryers, and heated plates or barrels,
modify these properties. Assessment of resistance to
stretching (hair rupture tension), elasticity (stress-strain),
hydrophilic power, combability, and detangling are of in-
terest for the haircare industry.
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Fig. 3. The Dia-Stron MTT 690 is a cassette-based automated ten-
sile tester designed for single hair fibre measurements. The system
is based on a circular sample cassette, which allows the automatic
measurement of up to 100 pre-mounted fibre samples. Hair fibre
samples are mounted using brass crimps and placed onto a 100-
slot rotary cassette. A pneumatically operated sample gripper,

Several prototypes, inspired by experience from the
textile industry, were progressively applied to human hair
mechanical analysis [53, 54], leading to the Dia-Stron®,
currently the best-known commercially available system.
The Dia-Stron MTT 690 system (Fig. 3) offers a broad
variety of fully automated tensile hair mechanical testing,
providing consistent testing parameters such as strain/
stress curve analysis, stress relaxation, and hysteresis.
Furthermore, the system allows both wet and dry mea-
surements. A recent publication with this device under-
lined the importance of torsional evaluations, in addition
to tensile deformation, to assess the shear stiffness chang-
es associated with cuticle damage [55]. The authors pro-
posed the Dia-Stron FT'T 950 system (Dia-Stron Ltd, An-
dover, UK) to measure the torsional modulus with ade-
quate consistency and reproducibility. The cuticle layers
seem to play a relevant role in the torsional deformation
[55].

Nail Biomechanics Assessment

Nails have been analysed for multiple diagnostic pur-
poses, from toxicological detection of specific compo-
nents to nutritional imbalances and pathology [56], as
metabolic processes, detectable in the blood and bone
system, influence the nail bed content [57, 58]. Nail dis-
orders are a common concern, with onychomycosis being
one of the most prevalent expressions in the general pop-
ulation, in particular in high-risk patients [59, 60]. There
is growing evidence of the importance of nail mechanics
in nail physiology and pathology as in other keratin-
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mounted on a moving bridge, picks up the sample. The gripper is
mounted onto a load cell, which measures the force applied to the
sample (from the Dia-Stron Manual; https://www.diastron.com/
app/uploads/2018/06/Dia-Stron-MTT690-Brochure-V2.pdf; ac-
cessed May 7, 2019).

based materials such as skin and hair. When pressed, fin-
gertip haemodynamics change due to mechanical inter-
actions (force/shear force) between the fingernail and
bone [61]. It was suggested that nails have an automatic
curvature function that keeps the necessary rigidity to
adapt to gripping [23, 61]. Conversely, mechanical im-
pairment seems to modify the normal nail configuration,
inducing deformations [61]. A typical example is seen in
onychomycosis, where disruption of the nail matrix alters
the plate rigidity and the physiological nail morphology
[60].

Human nail mechanics has not been as thoroughly
studied as skin and hair, but several prototypes were pro-
duced with that purpose [15]. There is a growing interest
from basic research as well as from the pharmaceutical
and cosmetic industry in relation to the search for better
and safer nailcare products. Recently marketed, the Nail
StrainStress Meter® NM 100 (Courage and Khazaka) of-
fers, according to the manufacturer, accurate assessment
of the nail mechanics in vivo, in terms of firmness, elastic-
ity, and thickness [61] (Fig. 4). Published data are not yet
available for a balanced evaluation of this instrument.

Comparing Instruments and Finding the Best
Descriptors

The number of available instruments to measure hu-
man skin, hair, and nail biomechanics is increasing,
mostly motivated by the need to obtain better defined pa-
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Fig. 4. Operation with the Nail StrainStress
Meter NM 100. The nail is placed on the
unit’s support and a high precision load cell
constantly measures the pressure required
to clamp down the applicator. The force
needed for the deflection of the nail is dis-
played in real time. When the head touches
the surface of the nail, the pressure increas-
es. A force deflection diagram curve is gen-
erated from which transversal deforma-
tion, slope, resistance to compression, and
longitudinal deformation are calculated
(https://www.courage-khazaka.de/images/
Downloads/Brochures/Wissenschaftlich/
Brochure_NailStrainStressMeter.pdf; ac-
cessed May 7, 2019).

rameters, closer (for skin in particular) to tensile proper-
ties and to the physiological functions of the skin [4]. Hair
mechanical analysis (originating from the basic tensile
principles applied to wool textiles, as previously dis-
cussed) offers no major concerns, but nail mechanics, al-
though far from fully explored, follows most of the con-
siderations and concerns discussed for skin. In fact, it is
still difficult to relate those “phenomenological” variables
to physical parameters used in the tensile analysis of pure
materials. Furthermore, the relation to particular ana-
tomical components of skin (or nail), both at the macro-
scopic or microscopic level, are not established. A com-
prehensive study on age-related changes in skin mechan-
ical properties was performed in 120 healthy women over
the age range of 18-65 years [62]. A good correlation was
detected for the ratio of elastic recovery to distensibility
[U(r)/U(f)] and gross elasticity [U(a)/U(f)] with age on
sun-exposed areas.

Suction and torsion methods, the most frequently
used in basic and in applied skin research [8], produce a
typical angular deformation under constant pressure as a
function of time (Fig. 5). The deformation curve involves
a purely elastic component followed by a viscoelastic and
a purely viscous component [63]. From the analogies
with the Young modulus, Agache et al. [63] proposed a
specific nomenclature to this analysis where Ue describes
the immediate deformation, or skin extensibility, Uv the
delayed distension, Uf the final deformation, and Ur and
Ua the immediate and late retraction, respectively (Fig. 5;
Table 2). These descriptors, “inspired” by the mechanical
behaviour of pure (elastic and plastic) materials, are

Assessment of Biomechanical Properties
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meant to facilitate measurements in a complex, multi-lay-
ered environment such as human skin. However, in many
cases, manufacturers introduced their own descriptors
which are difficult to relate to the original definitions. Ta-
ble 2 summarizes the possible correspondence between
the classical and the currently used descriptors from the
Cutometer MPA 580 [64].

Several of these denominators, not only the R series
but also the F and the Q series, combine the classical pa-
rameters in different ways. However, no demonstration
of their correlation or correspondence with morphologi-
cal components or physiological functions has been dem-
onstrated, making the choice of the proper descriptors
difficult.

Surprisingly, only a few studies addressed these diffi-
culties and compared the different instruments and pa-
rameters. A recent study intending to identify the in vivo
relationships in several physiological indicators includ-
ing elasticity between two commercially available instru-
ments based on the same principle, the Cutometer and
the DermalLab, found interesting correlations with good
repeatability [65]. The skin firmness measured by the two
instruments were negatively correlated, while only the
viscoelasticity showed a strong positive correlation in the
two instruments. It is important to note that, although
based on the same principle, probes are different in shape,
weight, and operation. The DermaLab probe is attached
to the skin by a double adhesive sticker, which reduces
variability caused by the handling pressure. More recent-
ly, a correction procedure was proposed to compensate
this influence in Cutometer measurements [66].
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Fig. 5. A typical deformation-recovery se-
quence obtained by applying a vertical/par-
allel pressure pulse/torque on in vivo skin
and respective descriptors. a Nomencla-
ture proposed by Agache et al. [63]. b Cu-
tometer’s R, F, and Q series from the Cu-
tometer Dual MPA580 (adapted from
www.courage-khazaka.de/images/Down-
loads/Brochures/Wissenschaftlich/Bro-
chure_Cutometer.pdf; accessed May 7,
2019).

Measurements in the abdominal region with three dif-
ferent devices (Cutometer, Reviscometer, and Frictiom-
eter®) were correlated for the different descriptors by fac-
torial analysis [10]. The goal was to simplify the in vivo
skin elasticity assessment. No correlations were found be-
tween the Frictiometer and Reviscometer; however, sig-
nificant correlations were detected for the Frictiometer
and Cutometer elasticity parameters. There were also
some minor correlations between Cutometer and Revis-
cometer descriptors. According to the authors, different
probes can measure different aspects of mechanical prop-
erties and the related micro-morphology. Nevertheless,
one of the main conclusions was that the number of pa-
rameters could be reduced [10]. The Reviscometer was
suggested to be used for measurements in selected per-
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pendicular directions, instead of measuring in all possible
directions. Results seemed to be comparable along the
longitudinal axis and the transversal axis. Regarding suc-
tion-based devices, such as the Cutometer and the Der-
malLab, the assessment of skin elasticity can also be re-
duced to a minimum, selecting the first parameter to
analyse from Uf, Ua, and Ue, and selecting the second
parameter from Ur, Uy, and Ur/Uf [8, 39].

In an extensive study conducted on a panel of volun-
teers with a wide age range and on different anatomical
sites (neck, upper inner arm, ventral forearm, and dorsal
forearm) [6], anisotropy was found to be site and age de-
pendent. Interestingly, measurements of the anisotropy
ratio at different body sites showed that the age depen-
dence was the most pronounced change occurring on

Monteiro Rodrigues/Fluhr/
the EEMCO Group



Table 2. Tentative correspondence between the nomenclature by Agache and the Cutometer®

Agache’s nomenclature and descriptor abbreviations [63]

Cutometer Dual MPA 580 nomenclature and
descriptor abbreviations [61]

Significance Designations Significance
Immediate, elastic deformation of skin as a consequence of stress -
(suction or torsion) Ue n.e.
Total extensibility (maximum deformation) Uf RO Total elongation
Delayed distension Uv n.e. Partially R6
Deformation recovery at the end of the stress-off period Ua R8 Total recovery
- ne R1 (Uf-Ua) Residual plasticity
Immediate retraction Ur n.e. Partially R5 and R7
Biological elasticity Ua/Uf R2 Biological elasticity
Elastic function Ur/Ue R5 Net elasticity
Viscoelastic index or viscoelastic ratio or extension phase during Viscoelasticity
retraction Uv/Ue R6
Elastic recovery Ur/Uf R7 Firmness
- ne R3 Repeated suction: last
maximum amplitude
- ne R4 Repeated suction: last
minimum amplitude
- ne F series (FO to F4) Areas within the curve
- ne Q series (Qo to Q3) Other

Tentative correspondence between the descriptors nomenclature proposed by Agache and those proposed for the Cutometer. The
descriptors abbreviations are taken from the literature. ne, no equivalent found.

body sites where the skin is considered to be “looser” or
“softer,” such as the neck and the upper inner arm. Fi-
nally, a correlation of the angular anisotropy with the ori-
entation of dermatoglyphics was demonstrated, a param-
eter that is related to the orientation of Langer’s lines [6].
An additional study compared Cutometer, Reviscometer,
and CutiScan, exploring correlations between all differ-
ent descriptors [8]. This analysis was focused on age- and
site-based differences in the biomechanical properties of
human skin related to its viscoelasticity and anisotropy.
Uf and Ua from Cutometer and RRT from Reviscometer
were consistent descriptors, providing robust correla-
tions with age in most of the experimental settings. Fur-
thermore, the CutiScan descriptors/parameters showed
an excellent relationship with those from Cutometer and
Reviscometer and was the only instrument to provide in-
formation about skin anisotropy, ensuring a full 360°
analysis. This system also provides 3D representations of
the skin, which helps to visualize the acquired differences
(8].

A recent publication addressed mechanical properties
in patients with systemic sclerosis (SSc) with the Cutom-
eter [67]. The primary objective of the study was to de-
scribe and compare the intra-day and 7-day reproducibil-
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ity of elastic skin properties in healthy volunteers and SSc
patients. R3 was the only parameter with a good intra-day
and inter-day reproducibility in the SSc group. Other pa-
rameters exhibited good reproducibility, but not at all an-
atomical sites. The authors concluded that the lack of
standardization in data expression, the large number of
parameters provided by the device, and reproducibility
concerns discourages the use of these tests in routine
practice in patients with SSc. Recent publications have
focused on the correlation of fibre organization and der-
mal matrix in terms of structural composition, sun expo-
sure, and biomechanical properties during infancy as well
as pregnancy [68-73].

Standardization, Validation, and Practical Guidance

The absence of harmonisation of experimental proce-
dures and instrumentation is a major difficulty in the as-
sessment of mechanical properties of the skin. Experi-
mental protocol, number of volunteers, metric descrip-
tors, and data analysis can hardly be compared. The
absence of a standardized calibration compromises in-
strumental validation as well as the meaning/interpreta-
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tion and validity and relevance of the results. However,
some of the systems do offer calibration procedures [33,
51, 55], promoting the necessary precision, reproducibil-
ity, and validity to the measured variables. Most of the
devices offer only a pre-calibration warranty.

In vivo measurements offer several challenges, partic-
ularly in comparison with ex vivo assessments. Hair anal-
ysis, in contrast, is performed in a more standardized and
reproducible way. Nevertheless, most of the experimental
concerns we identify here might be applied to skin and its
annexes in mechanical assessment in general.

The Experimental Procedure

Ethics

Within the European Union (EU), the Clinical Trial
Regulation EU No. 536/2014 [74] is followed by some au-
thorities as the “gold standard” for any study involving
human volunteers or even data from human origin. It is
clear that this regulation favours safety for participants
and transparency regarding related information. Excep-
tions are considered, especially in terms of compensation
or insurance, in the absence of additional risks or if risks
are negligible. Nevertheless, drug-similar requirements
for cosmetics or other non-drug health products are not
covered by such regulation. Each member state is respon-
sible for the definition of their own health policies, ex-
plaining the different levels of regulatory rigor among EU
members. Therefore, the observation of respective regu-
lations and following the reference principles of clinical
studies are recommended to avoid potential difficulties
[74, 75].

Number of Volunteers/Dimension and Strength of

the Study

There is a growing concern in health research regard-
ing the reproducibility of results, and sample size is a crit-
ical issue, generating an intense debate [76]. The number
of volunteers (sample size) for experimental studies
should be determined by the purpose of the study. The
sample size will impact the strength of the study and re-
spective statistical choices and interpretations [74]. At the
usual significance level of a = 0.05, the sample size should
be estimated so that power (that is, the probability to re-
ject the null hypothesis when it is false) approaches 0.90,
thus reducing the probability of type I or type II errors
from occurring [77, 78]. To reduce the probability of false
positives (type I errors), it is necessary to reduce a, mean-
ing larger sample sizes [79]. However, large samples are
not always feasible in biomedical research. Instead, re-
searchers could aim to increase the precision of measure-
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ments [79]. However, this is also often not possible, espe-
cially when a study intends to test a methodological ap-
proach, to develop a study protocol, or to test new
equipment. In these cases, assuming an effect size of 1 (the
standardized mean difference between the test and con-
trol groups) and at a usual significance level of a = 0.05, a
minimum of 30 participants will be required [78]. As we
know, this value has been used as a reference, also because
as the Student t distribution increases or approaches 30
degrees of freedom it is considered as being normally dis-
tributed [80]. Normality is essential for the use of para-
metric tests (e.g., Student ¢ test; ANOVA), that are usu-
ally more robust in finding differences between groups.
Nevertheless, independently of sample size, normality of
data distribution should always be assessed, either by vi-
sual inspection, or formal normality tests such as the Sha-
piro-Wilk test or Kolmogorov-Smirnov test [81]. If the
data are not normally distributed, researchers should
choose either non-parametric tests or transforming the
data (e.g., by logarithms).

To correlate a large number of variables or observe the
result of a short-term exposure, a larger number of par-
ticipants might be required. Thus, each situation should
be previously calculated on a case-by-case basis, taking
into account concepts such as target population, variance,
and the desired confidence interval in a pre-defined sig-
nificance level (usually o = 0.05) [82, 83].

Other Operational Requirements

Most of the previously published [4] practical guid-
ance and recommendations regarding volunteers are still
relevant and applicable. The “critical” determinants to
harmonize procedures when assessing biomechanical
properties of human skin and its annexes are summarized
in Table 3. Related critical aspects regarding standard op-
erating procedures and methods are universal and widely
documented [8, 9, 29, 39, 84-91], referring to:

— the controlled laboratory environment, and the influ-

ence of seasonal variations on measurements
— the influence of age, gender, phototype/recent sun ex-

posure, circadian rhythms, and anatomical region, po-

sitioning of the extremities for measurement (supina-

tion/pronation), and site marking. Of special interest

are the particularities involved with joints (especially

large joints)
— the importance of concomitant medication

Recent knowledge has drawn attention to other deter-
minants of inter- and intra-individual variability, as out-
lined below.
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Table 3. Summary of “critical” determinants

Critical determinant To observe

To check

Volunteer related
Ethics

Applicable regulation (EU and state member’s) [74, 75]

Informed consent, volunteer’s insurance, study online register
(if applicable), data protection form (applicable in some coun-
tries)

Dimension and “power” of the Statistical basis [82, 83]

Adequate definition of significance and comparison tests

study considering the number of variables involved and the number
of volunteers
Other Controlled laboratory environment and influence of ~ Temperature and humidity control; registration charts should

seasonal variations [101]

evidence this control

Age, gender, phototype/recent sun exposure and
anatomical region to test, positioning, and site
marking, and concomitant medication [1, 8, 9, 11,

26, 32, 53]

Strict selection of volunteers, having in mind the purpose of
the study

For (inter- or intra-) comparison purposes always use the
same referential for region, position, and anatomical site

Do not include volunteers taking medication that might affect
skin functions

Biological rhythms [91, 89, 100]

Be aware of this evidence; for some studies a dietary equiva-
lence (Frequency Food Questionnaire) may be required

If applicable, control of the cycle in fertile-age women might
be recommendable

Skin anisotropy [10, 12, 17, 38]

Register and use the same orientation of the measuring probe
(specially for suction and torsional methods)

BMI [93, 95]

Included volunteers should belong to the same BMI class
defined by the WHO

Instrument related

Calibration Calibration procedure [102]

If the system does not include a calibration, confirm pre-cali-
bration with the manufacturer, and schedule a regular verifi-
cation of the system

Descriptors and variables

biomechanics (in vivo or ex vivo) [12, 63]

If mechanical analysis is based on the Young modulus;
if not, confirm the manufacturer’s proposal to measure

Compare the proposed descriptors with the Agache nomen-
clature
Select the minimum appropriate descriptors

Claim-demonstration related

Supported claim allegations to
include in the PIF (Product
Information File)

experimentation [103]

Capacity to fulfill the defined sophistication level of

Fulfillment of all technical and methodological requirements

Summary of the previously referred to “critical” determinants to harmonise procedures when assessing biomechanical properties of human skin and
annexes. These are particularly important to the protocol design preceding experimentation (see text). BMI, body mass index; WHO, World Health Orga-

nisation.

Skin anisotropy has been identified as a major factor
influencing mechanical properties of in vivo skin, as well
as single hair fibres. Anisotropy (i.e., directional varia-
tions in tissue organization) has been consistently report-
ed to affect skin viscoelasticity [6, 8—10]. These properties
have been studied more intensively since the commercial
availability of devices such as the Reviscometer and the
CutiScan for in vivo skin and the Dia-Stron FT'T 950 for
hair fibre assessment. No significant differences between
young and middle-aged individuals were detectable for

Assessment of Biomechanical Properties
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elasticity and for the modulus of Young when assessed
parallel and perpendicular to the primary lines [90]. The
initial skin tension has been reported as an important pa-
rameter strongly affecting the anisotropic properties of
the skin [92]; however, studies on anisotropy and visco-
elasticity in a porcine model could not demonstrate a sig-
nificant correlation between these variables [37]. Further
studies are required to better understand the meaning
and relevance of the anisotropy-related descriptors pro-
vided by these instruments.
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The volunteer’s body mass index (BMI) is an addition-
al variable that should be noted. The worldwide increase
in overweight and obesity is a recognised fact, but its im-
pact on normal skin physiology has not been thoroughly
studied. BMI did not influence the RRT measured on the
volar forearm of 110 volunteers [93]. A recent study with
a more precise experimental design detected a negative
correlation between obesity and skin biomechanical be-
haviour using a suction method [94]. Significant differ-
ences between obese and non-obese volunteers were ob-
served in total elasticity, elasticity index, viscoelastic ratio,
and skin total recovery, especially on the forehead, breast,
and abdomen. However, when a sub-group analysis was
performed with different degrees of BMI, in the morbid-
ly obese group (BMI >40) all biomechanical indexes were
close to those obtained in the normal group (19.9< BMI
<24.9). This could be seen as an additional aspect of the
so-called obesity paradox [95].

The water content of the stratum corneum is known to
play an important role in different skin functions, such as
the epidermal “barrier” function, and various dermato-
logical diseases e.g., atopic dermatitis [87, 96, 97]. In ad-
dition, a direct relationship between these properties and
regular dietary water consumption has not been clearly
demonstrated, and only very few publications have ad-
dressed this subject [98, 99]. The water balance (including
treatment with diuretics) and the diurnal variation of wa-
ter accumulation in the dependant parts of the body were
identified as important variables when measuring skin
mechanical properties by suction methods [91]. Another
study on the impact of dietary water intake and biome-
chanical properties of the skin found significant changes
in maximum extensibility, the ability to return to the orig-
inal state, total elasticity, elastic function, and the visco-
elastic ratio as a function of variation of the daily water
intake [100]. A 12-week study on the effects of oral Aloe
sterol supplementation on skin elasticity, hydration, and
the collagen score in healthy women (n = 64) reported an
increase of epidermal hydration and elasticity [101]. Ac-
cording to the authors, this could result from the increase
of the dermal collagen content following the Aloe sterol
supplementation.

The Instrumentation

Calibration

Calibration is based in the comparison between a
known measurement, adopted as the standard, and the
measurement resulting from the testing instrument. It al-
lows a confirmation of the accuracy of the in-use instru-
ment. At the same time, calibration ensures that regular
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use does not modify the device’s precision as erroneous
measurements can occur. In fact, the performance of any
instrument changes with time, frequent use, and many
other factors, thus calibration is required at frequent in-
tervals. Standardized calibration constitutes a major de-
terminant of the instrument’s reliability and accuracy.
Moreover, calibration allows a reference to a known set
of parameters (ideally SI units) which represent the prop-
erties being measured [102].

The lack of calibration is a major limitation for many
of the above-referred systems and devices. Thus, some of
the parameters and related results do not have a direct
correspondence to a physiological and/or relevant vari-
able. Even so, manufacturers normally ensure a pre-cali-
bration, but when acquiring a system it is important to
perform an error control and a re-calibration by the man-
ufacturer on a regular basis [102].

Descriptors and Variables

Suction methods are currently the most frequently
used systems to assess skin biomechanical properties. As
stated above, Agache’s nomenclature, inspired by the
Young modulus assessment, continues to represent an
established and recognized way to describe the different
components of the deformation curve regarding the
particular composition and biomechanical behaviour of
the human skin in vivo. However, as shown in Table 1,
there is a wide variety of denominators of the addressed
(mechanical related) properties, as well as the descrip-
tors/parameters chosen to describe these properties.
More descriptors do not guarantee more and better in-
formation. Keeping this selection as “simple” as possible
makes data assessment and data analysis much more rel-
evant and precise, since more variables imply a larger
number of participants and an adapted power calcula-
tion [82].

Proof of Efficacy of Cosmetic Products

The proof of efficacy to support cosmetics’ claims
should be in accordance with the current Cosmetic Reg-
ulation in the EU (EC No. 1223/2009), as part of the
Product Information File (PIF). The EU regulation in-
volves and integrates the information and guidance gath-
ered to a specific, product-related, claim. The previous
EEMCO guidance indirectly approached this issue, in a
very different regulatory context, by drawing the atten-
tion to the qualitative terms found in the marketed prod-
ucts to describe the mechanical properties of human skin

(4].
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A clear evolution on the subject can be observed, re-
sulting from a demanding regulatory framework that re-
quires a more rigorous communication between all stake-
holders (authorities, industry, and the consumer). The
experimental design and technical choices are critical re-
quirements for claim substantiations. It determines the
experimental level of sophistication chosen by the com-
pany to demonstrate and support the allegations (claims)
that the PIF will hold in this specific frame.

A recent publication [103] suggests organising claims
from a functional perspective, having in mind the inten-
tion of use. Three categories (Types) are proposed to fa-
cilitate decisions. In accordance with this publication:

— Type I claims are based on one or more properties or
characteristics which are directly related to one or

Conclusion

The biomechanical assessment of skin and its annexes
is a complex theme motivating a growing research and
knowledge development. On that basis, significant ad-
vances have been achieved not only in technological
terms but also regarding its physiology and pathophysiol-
ogy. Some important limitations are recognized, includ-
ing the lack of standardization of procedures and calibra-
tion of instruments, leading to an ongoing discussion re-
garding the relevance and real nature of the descriptors/
parameters obtained with these devices. The present
work highlights what can be done to contribute to a better
practice, and a science-supported biomechanical assess-
ment of human skin, hair, and nails.

more measurable variables with physiological mean-

ing (e.g., “elasticity”)

Type II claims are based on one or more properties or
characteristics only partially related to one or more
measurable variables with physiological meaning (e.g.,

“suppleness”)

Finally, the most complex are Type III claims - bearing

no relation to physiologically measurable variables

(e.g., “revitalizer”)

As in all applied research, claim substantiation must
also be supported by a solid science-based framework.
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