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Summary

As one of the largest organs in the human body, the skin constitutes
our primary structural and chemical barrier against in
uence from
the surroundings. In our daily lives, the skin plays an important
role in the hydration and temperature regulation of our bodies, in
addition to protecting the deeper tissues of the body from harmful
UV-radiation.

From a mechanical perspective, skin is a fascinating material, ex-
hibiting strongly nonlinear strain-sti�ening behavior in addition to a
remarkable tear resistance. The multi-faceted role of the skin can
be attributed to its complex microstructure. Broadly speaking, skin
can be divided into three main layers; the epidermis, the dermis
and the hypodermis. The epidermis, the outermost layer of the skin,
constitutes the primary barrier function through a tightly packed ar-
rangement of keratinocyte cells. The main load-bearing capacities of
the skin are typically attributed to the dermis, in which the reticular
structure is composed of a complex network of collagen and elastin
�bers, maintained by the residing �broblast cells. Ultimately, the
hypodermis is mainly composed of fat tissue, and serves the role of
protecting the underlying tissue against impact as well as important
functions for energy storage and temperature regulation.
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In this thesis, experiments at di�erent length-scales are combined
with computational modeling to enhance the understanding of the
mechanical behavior of skin. It is now well-established that the
homeostasis of skin functions in a �ne interplay between mechanical
and chemical cues. Furthermore, the mechanobiology of skin has
been documented to be highly relevant for a wide range of conditions
such as skin �brosis, the healing of skin wounds and skin growth.

In the �rst part of the thesis, the biomechanical properties of skin are
assessed on the tissue length-scale using noninvasive biomechanical
skin characterization devices. Although a variety of di�erent func-
tional principles are used in the assessment of skin, few quantitative
comparisons between di�erent principles have been done. Herein,
three commonly used functional principles, suction, dynamic shear
load and indentation, are analyzed. Preliminary measurements on
synthetic materials allowed to rationalize the di�erent principles,
indicating a similar capability of detecting changes in the underlying
substrate sti�ness between the devices. Measurements on healthy
human volunteers reveals a similar tendency to detect di�erences in
apparent sti�ness between di�erent body locations, albeit with large
di�erences in the reliability between the di�erent principles, which is
devoted to the in
uence from boundary conditions. Ultimately, an
inverse �nite element model is used to rationalize the results, with
important implications for the interpretation of the measurement
results.

In the second part, the mechanical properties of skin are investi-
gated on the local length-scale. First, murine excisional wounds are
assessed with atomic force microscopy based indentation tests to
resolve previously reported con
icting �ndings on the mechanical
behavior of healing skin wounds. When comparing the apparent
sti�ness of di�erent regions in the wound, large di�erences are doc-
umented. In line with previous �ndings, the apparent sti�ness of
the newly forming tissue is documented to be signi�cantly lower
than the healthy tissue. In particular, the present work identi�es
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the hyperproliferative epithelium, a cellular layer forming during the
initial phases of wound healing, as a potential provider of structural
integrity to the wound. Measurements on wounds from later time
points identify the healing progression of the tissue. To assess the
in
uence from local topography on the apparent sti�ness in the di�er-
ent material regions, topographic information obtained from atomic
force microscopy imaging is implemented in a bi-phasic material
model.

Next, the in
uence of intrinsic ageing on the biomechanical proper-
ties of skin are assessed in murine tissue. Considering baby, adult
and very old mice with atomic force microscopy based indentation
tests, signi�cant di�erences between the baby and adult animals are
documented. Comparison with uniaxial tension experiments at the
tissue length-scale reveal that very young and very old skin respond
di�erently to hyper-physiological loading.

Ultimately, the development and proof-of-concept of an in vivo
stretching device is presented. Motivated by typical discrepanices of
several orders of magnitude when comparing experimental results
from di�erent length-scales, a protocol to preserve tissue stretch
during the preparation of tissue for local indentation tests is pre-
sented. When comparing the apparent modulus from stretched and
unstretched samples, a signi�cant increase is documented.
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Zusammenfassung

Als eines der gr�o�ten Organe des menschlichen K�orpers stellt die Haut
unsere prim�are strukturelle und chemische Barriere gegen Ein
�usse
aus der Umgebung dar. In unserem t�aglichen Leben spielt die Haut
eine wichtige Rolle bei der Hydratation und Temperaturregulierung
unseres K�orpers und sch�utzt dar�uber hinaus die tieferen Gewebe des
K�orpers vor sch�adlicher UV-Strahlung.

Aus mechanischer Sicht ist die Haut ein faszinierendes Material, das
neben einer bemerkenswerten Rei�festigkeit ein stark nichtlineares
Spannungsversteifung aufweist. Die vielf�altige Rolle der Haut l�asst
sich auf ihre komplexe Mikrostruktur zur�uckf�uhren. Grob gesagt kann
die Haut in drei Hauptschichten unterteilt werden; die Epidermis, die
Dermis und die Hypodermis. Die Epidermis, die �au�erste Schicht der
Haut, stellt durch eine dicht gepackte Anordnung von Keratinozyten-
zellen die prim�are Barrierefunktion dar. Die Hauptbelastungska-
pazit�aten der Haut werden typischerweise der Dermis zugeschrieben,
in der die retikul�are Struktur aus einem komplexen Netzwerk von
Kollagen- und Elastinfasern besteht, die von den ans�assigen Fibrob-
lastenzellen aufrechterhalten wird. Die letzte Schicht, die Unterhaut,
besteht haupts�achlich aus Fettgewebe und dient dem Schutz des
darunter liegenden Gewebes vor St�ossen sowie wichtigen Funktionen
der Energiespeicherung und Temperaturregulierung.
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In dieser Arbeit werden Experimente unterschiedlicher L�angenskalen
mit Computermodellen kombiniert, um das Verst�andnis des mecha-
nischen Verhaltens der Haut zu verbessern.

Es ist allgemein bekannt, dass die Hom�oostase der Haut in einem
feinen Zusammenspiel mechanischer und chemischer Reize funktion-
iert. Dar�uber hinaus wurde dokumentiert, dass die Mechanobiologie
der Haut f�ur eine Vielzahl von Erkrankungen wie Haut�brose, die
Heilung von Hautwunden und das Hautwachstum von gro�er Bedeu-
tung ist.

Im ersten Teil der Arbeit werden die biomechanischen Eigenschaften
der Haut auf der Gewebel�angenskala mithilfe nichtinvasiver biomech-
anischer Hautcharakterisierungsger�ate untersucht. Obwohl bei der
Beurteilung der Haut eine Vielzahl unterschiedlicher Funktionsprinzip-
ien verwendet werden, wurden nur wenige quantitative Vergleiche
zwischen diesen verschiedenen Prinzipien durchgef�uhrt. In dieser
Arbeit werden drei h�au�g verwendete Funktionsprinzipien analysiert:
Ansaugen, dynamische Scherbelastung und Indentation. Vorl�au�ge
Messungen an synthetischen Materialien erm�oglichten eine Rational-
isierung der verschiedenen Prinzipien und deuteten auf eine �ahnliche
F�ahigkeit der Ger�ate hin, �Anderungen in der Substratstei�gkeit
zu erkennen. Messungen an gesunden Probanden zeigen eine �ahn-
liche Tendenz, Unterschiede in der Stei�gkeit zwischen verschiedenen
K�orperstellen festzustellen, allerdings mit gro�en Unterschieden in
der Zuverl�assigkeit der verschiedenen Prinzipen, die auf den Ein
uss
der Randbedingungen zur�uckzuf�uhren sind. Letzendlich wird ein
inverses Finite-Elemente-Modell zur Rationalisierung der Ergebnisse
verwendet, mit wichtigen Implikationen f�ur die Interpretation der
Messergebnisse.

Im zweiten Teil werden die mechanischen Eigenschaften der Haut
auf der lokalen L�angenskala untersucht. Zun�achst werden Exzision-
swunden von M�ausen mit rasterkraftmikroskopischen Indentatio-
nen beurteilt, um zuvor berichtete widerspr�uchliche Ergebnisse zum
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mechanischen Verhalten heilender Hautwunden aufzukl�aren. Beim
Vergleich der Stei�gkeit verschiedener Regionen in der Wunde werden
gro�e Unterschiede dokumentiert. In �Ubereinstimmung mit fr�uheren
Erkenntnissen, welche zeigen, dass die Stei�gkeit des neu gebilde-
ten Gewebes deutlich geringer ist als die des gesunden Gewebes.
Insbesondere identi�ziert die vorliegende Arbeit das hyperprolifer-
ative Epithel, eine Zellschicht, die sich in den Anfangsphasen der
Wundheilung bildet, als potenziellen Versorger der strukturellen In-
tegrit�at der Wunde. Messungen an Wunden aus sp�ateren Zeitpunkten
zeigen den Heilungsverlauf des Gewebes auf. Um den Ein
uss der
lokalen Topographie auf die Stei�gkeit in den verschiedenen Material-
regionen zu beurteilen, werden topogra�sche Informationen, die aus
der Rasterkraftmikroskopie gewonnen wurden, in ein zweiphasiges
Materialmodell implementiert.

Als n�achstes wird der Ein
uss der intrinsischen Alterung auf die
biomechanischen Eigenschaften der Haut in murinem Gewebe un-
tersucht. Bei der Analyse von Jung-, Erwachsenen- und sehr alten
M�ausen durch Rasterkraftmikroskopie werden signi�kante Unter-
schiede zwischen Jung- und Erwachsenentieren dokumentiert. Der
Vergleich mit einachsigen Spannungsexperimenten auf der Gewebel�angen-
skala zeigt, dass sehr junge und sehr alte Haut unterschiedlich auf
hyperphysiologische Belastung reagiert.

Anschlie�end wird die Entwicklung und der Proof-of-Concept eines In-
vivo-Dehnuungsger�ats vorgestellt. Motiviert durch typische Diskrepanzen
von mehreren Gr�o�enordnungen beim Vergleich experimenteller Ergeb-
nisse aus verschiedenen L�angenskalen wird ein Protokoll zur Erhal-
tung der Gewebedehnung w�ahrend der Vorbereitung von Gewebe
f�ur lokale Indentationen vorgestellt. Beim Vergleich der Stei�gkeit
von gedehnten und ungedehnten Proben ist ein deutlicher Anstieg
zu verzeichnen.
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Chapter 1

Introduction

1.1 Motivation

The skin is an integral part of our daily life. Because of its essential
functions, it is important to ensure a functioning skin organ for the
sake of the well-being of the individual [1]. A suitable and timely
treatment of skin-related issues demand a deep understanding of
both the healthy and diseased state of the skin.

As a matter of fact, skin diseases are expected to a�ect more than a
quarter of the population worldwide, presenting one of the biggest
contributors to loss of life quality [2{4]. Insu�cient treatment possibil-
ities and a lack of understanding of the basic underlying mechanisms
that cause these diseases are contributing to the prevalence of skin
diseases [5, 6].

Therefore, basic research on skin presents an important aspect of
improving the disease outcome. It is now well-established that the
interplay between mechanical and biological cues play an important
role in the homeostasis of biological tissues, including skin [7]. For
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1 Introduction

example, as will be addressed later in the thesis, the local mechanical
environment in a wound initiates a signalling cascade that alters
the behavior of the residing cells, which ultimately leads to the
formation of scars [8, 9]. The same phenomenon can be observed
in the formation of keloids, which typically reside in body locations
where the skin is under increased tension [10]. Herein, the local
tension of the tissue promotes proliferation and increased deposition
of collagen.

1.1.0.1 | Skin biomechanics for surgical procedures

Some of the earliest �ndings on the mechanical behavior of skin stem
back to the work of Guillaume Dupuytren and Karl Langer in the
19th century [11, 12]. After piercing the skin with a sharp spike, it
was observed how the shape of the wound changed into an elliptic
form, thereby documenting the principal lines of tension in the skin.
Today, the tension lines of the skin are used when making incisions
during surgical procedures, since by cutting along the line of principal
tension leads to a strong reduction in scar tissue forming [13]. In
contrast, by cutting perpendicular to the lines, the healing tissue will
be under constant tension, which leads to excessive scar formation
[14, 15].

1.1.0.2 | Burns and skin tissue engineering

Large open wounds from, for example, burn injuries or severe trau-
mas, present a signi�cant challenge in the clinical setting [16]. Left
untreated, such wounds present a greatly increased risk of infections
due to the missing barrier function of the epidermal skin layers [17,
18]. Furthermore, the healing outcome is typically associated with
severe scarring, which leads to sub-optimal tissue properties and a
reduction in life quality of the individual [19].

Although surgical techniques such as autologous and allogeneic skin
transplantation are seeing widespread use, there is still large room for
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Skin physiology

improvement as such procedures are associated with high scarring-
rate, infections and host rejection, further complicating the healing
trajectory [20, 21].

This motivated the �eld of skin tissue engineering, where the ultimate
goal is to develop readily available skin substitutes with comparable
properties to the native tissue, where the aforementioned issues can
be overcome [22]. However, a successful transplantation of a lab-
grown material poses a tremendous challenge that demands a deep
understanding of the biological and mechanical requirements down to
the length-scale of a cell [23]. Although such grafts are seeing more
widespread use, the current main limitation remains the prolonged
incubation time, which limits the applicability in urgent cases [23].

A promising alternative to lab-grown grafts is skin expansion, where
the controlled expansion of a 
uid �lled pouch placed below the
skin induces skin tension [24]. Ultimately, the tension initiates skin
growth, increasing the total area of skin in the deformed region. The
excess skin can thereafter be used as an autologous graft [25].

1.2 Skin physiology

The skin forms our primary barrier to the surroundings, protecting
the deeper structures of the body from unwanted mechanical and
environmental in
uence [26, 27]. It is in fact one of the larger
organs of the human body, and serves in addition to the barrier role
important sensory functions [28, 29].

Skin is composed of multiple layers, each of which serves a unique role
for the functioning of the organ (see �g. 1.1). The outermost layer,
the epidermis, provides the physical barrier function to the external
environment and controls the in- and out
ux of 
uid [30]. It can be
divided into multiple sublayers composed of mostly keratinocytes.
The deepest epidermal layer, the stratum basale, consists of stem
cells that continously transdi�erentiate into keratinocytes, feeding
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1 Introduction

the super�cial layers with cells [31, 32]. These cells are connected
to the deeper dermis through the basal membrane. Over the time
course of about a month, the keratinocytes will di�erentiate through
the di�erent layers into terminally di�erentiated, dead corneocytes
forming the super�cial layer of the epidermis, the stratum corneum.
These cells, together with a surrounding lipid matrix provides the
primary barrier to the surroundings, and can due to its composition
resist large mechanical forces [26, 33].

The dermis is located below the dermal-epidermal junction (DEJ),
and is considered the main load-bearing layer of the skin [34]. The
extracellular matrix (ECM) of the dermis is composed of a dense
�brous network maintained by dermal �broblasts. Relative to other
biological tissues, the dermis is considered to be sparsely populated.
These cells secrete a wide variety of proteins to maintain the ECM.
As many other biological tissues, the dermis is rich in collagen.
Collagen is a structural protein, which currently have been identi�ed
to assemble into 28 di�erent forms [35]. The main constituents that
form the reticular structure of the dermal ECM are collagen of type
I, III and V, which are all of �brillar type. Type I collagen is by far
the most abundant type of collagen in skin, accounting for almost
80 % of the dry weight of skin [36, 37].

Dermis is typically subdivided into two layers, the super�cial pap-
illary dermis and the deeper reticular dermis. In healthy skin, the
collagen network has been shown to assemble in a basket weave-like
form [38]. In the reticular dermis, the alignment of the �bers is
typically strong, and the �bers tend to assemble into thicker bun-
dles parallel to the epidermis [39, 40]. In the papillary dermis, the
alignment is weaker, leading to a more isotropic distribution of �ber
orientation. Furthermore, the typical �ber diameter in the papillary
dermis considerably smaller compared to the deeper layer [41].

In addition to collagen, elastin �bers are a vital part of the reticular
structure. Although the �brillar collagen is considered to provide
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the load-bearing capacity, the elastin �bers provides an essential
measure of elastic energy storage [42]. Like the collagen �bers, the
elastic �bers also exhibit a layer-speci�c orientation [43]. In the
reticular dermis, the elastic �bers are typically oriented parallel to
the epidermis. As the distance to epidermis decreases, the elastic
�bers gradually align perpendicular to the dermal-epidermal junction.
As for the collagen �bres, the thickness of the elastic �bres decreases
with proximity to the DEJ.

In addition to the �brous network, an important constituent of the
ECM is proteoglycans (PGs) and glycoaminoglycans (GAGs) [44].
These are large molecules that are strongly negatively charged at
physiological pH, which drives the in
ux of water in the tissue due to
the osmotic pressure di�erence that caused by the large di�erences in
local charges. Therefore, the presence of these molecules is paramount
for a correctly hydrated ECM [44, 45].

Ultimately, the hypodermis is located below the dermis, and is
categorized as adipose tissue [46]. The thickness of this layer can
vary greatly between body locations. The main role of the hypodermis
is to provide damping against impact forces, but it also plays a vital
role in temperature regulation and energy storage in the daily life
[46, 47].
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Papillary dermis

Reticular dermis

Epidermis

Figure 1.1: Overview of the layers of the skin. Adapted from ref. [48]
under a Creative Commons CC BY-NC-ND 4.0 License.

The following sections will address topics of skin physiology relevant
for the thesis: Murine skin as a model system; ageing of skin; and
healing of skin wounds.

1.2.1 | Murine skin as a model system

Because of the limited abundance of samples, studies on human
skin are di�cult to conduct [49]. Furthermore, clinical studies are
mostly limited to non-invasive assessments, which limits the type of
data that can be extracted. Therefore, studies on skin mechanics
are typically conducted on murine skin. By breeding animals in a
controlled laboratory setting, the in
uence from extrinsic factors
such as diet and exposure to UV radiation can be limited. However,
there are some structural di�erences between human and murine
skin. Most notably, the thickness of murine skin is considerably
lower compared to human skin. Whereas typical human skin can be
several mm thick, murine skin is typically only a few hundred µm
thick [50]. Furthermore, in addition to the dermal layers, murine skin
has a muscular layer below the hypodermis, denoted as "panniculus
carnosus".
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1.2.2 | Skin ageing

As the global life expectancy is rising, the growing elderly population
are posing new challenges on the health care system [51]. For this
reason, ageing has received considerable attention in research over
the last decades [52, 53]. Nevertheless, several basic mechanisms of
ageing remain incompletely understood [54, 55].

With age, not only the appearance, but also the microstructure of
skin changes considerably, leading to adverse e�ects that a�ect the
individual. For example, the resistance to tearing of the skin in
considerably reduced with age, due to the increased fragility of the
skin, leading to a strong incline in tears and cuts with age [56].

Furthermore, wound healing is strongly impaired in the elderly pop-
ulation, and the prevalence of chronic wounds arising from various
underlying causes increases drastically [57, 58]. The in
ammatory
response in the initial stages of healing tends to overpower the regen-
erative processes, which prolongs the healing process severely. This
can result in chronic wounds that exhibit an increased susceptibility
to infections and scarring that require permanent medical attention
[59].

Typically, ageing is categorized as either intrinsic or extrinsic [60].
Intrinsic, or chronological ageing, is the degrading capability of the
organism that occurs with the passing of time, which has been
proposed to stem from an evolutionary bias towards survival of the
species by promoting growth and reproducibility in the earlier stages
of life rather than longevity later [61].

Clearly, intrinsic ageing is inevitable. Extrinsic ageing on the other
hand is to a large extent controllable by the individual. Common
types of sources leading to increased extrinsic ageing are an unhealthy
diet and habits such as excessive drinking and smoking [62, 63]. For
ageing of skin speci�cally, exposure to ultraviolet radiation has been
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estimated to account for up to 80 % of the total ageing related changes
in facial skin, an e�ect commonly referred to as photodamage [64,
65].

The morphological changes of skin with age are complex and mul-
tifold, and is further complicated by the pronounced di�erences in
age-related changes between individuals [66]. It is generally accepted
that the total collagen content is reduced with age, which manifests
itself by a thinning of collagen bundles and reduction in overall �ber
density in both the papillary and reticular dermis [67, 68]. The syn-
thesis of collagen precursors of both type I and III has been reported
to decrease with age, which goes hand in hand with decreased cell
turnover and increased cell senescence [69{71]. This leads to an
increase in the intercellular space and a reduction in the number
of focal adhesions, leading to a change in the mechanical stimulus
of the residing cells [72]. Notably, the ratio of collagen type I to
type III is considerably reduced in aged skin [45]. Reduced levels of
collagen I have been found to correlate strongly with photodamage,
which facilitates an additional increase of the expression of metallo-
proteinases (MMPs) which greatly enhances the degradation process
[73, 74]. Compared to a younger, healthy �brous architecture, the
aged network appears fragmented and disorganized with loss of the
characteristic basketweave layout.

The perpendicular elastic �bers that anchors to the dermal-epidermal
junction are either sparse or completely void in aged skin [75]. This
contributes to a 
attening of the dermal-epidermal junction, the e�ect
of which has been found to correlate strongly with the age-related
thickness loss in the epidermis [76, 77].

Several studies have documented a decrease of skin thickness with
age [68, 78]. However, comparisons between studies remain di�cult
due to the strongly individual exposure to extrinsic ageing, which
generates large di�erences even within he same individual [79, 80].
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Also with respect to the density of GAGs and PGs, a distinction
between intrinsic and extrinsic ageing must be done. In extrinsi-
cally aged skin, the levels of GAGs and PGs have been found to
increase relative to intrinsically aged skin in the same individual [81].
However, the increased levels did not correlate with increased water
retention properties, as the deposition was found to take place in
the super�cial dermal layers instead of within the collagen network.
Thus, it has been hypothesized that this e�ect contributes to the
reduced hydration levels in photoaged skin [45]. To this end, there
exists no consensus on the changes of GAGs and PGs as a function
of intrinsic ageing [82].

The mechanical properties of skin as a function of age has received
considerable attention in research. However, the basic mechanisms
behind how the change in cellular behavior is re
ected in the struc-
tural properties remain incompletely understood, which is re
ected
in the large range of diverging observations [83].

On the tissue-length scale, several studies have reported an increase in
the apparent sti�ness of skin with age [84]. Due to the degradation of
elastic �bers, the elastic properties of skin are severely a�ected with
age, which can be observed by the change in the typical response curve
in uniaxial tension. Notably, the toe region of the load-displacement
curve is considerably shorter in aged samples, indicating a rapid
engagement of the collagen network without contribution from the
elastic �bers [83]. Furthermore, the anisotropy of the collagen network
has been reported to increase with age, as the collagen �bers tend to
arrange in an in-plane, parallel arrangement [85].

On the other hand, other experimental techniques such as torsion
tests indicate a signi�cant reduction of apparent sti�ness with age,
highlighting the need for a rationalization between experimental
techniques [86, 87]. Several studies have suggested that the sti�ened
behavior of skin with age is due to structural alterations of the �ber
network rather than sti�ening of the �bers themselves. This could
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be explained by the increased cross-linking of �bers with age, in
correspondence with a reduced thickness due to water loss leading
to an increased �ber alignment [88].

Nevertheless, the current �ndings on the local sti�ness changes in
the collagen network remain inconclusive. Ahmed et. al reported an
almost 50 % age-related decrease in the apparent sti�ness of collagen
�brils in nanoindentation tests on transverse �brils, where the reduced
water-retention properties of the �brils was identi�ed as a possible
cause [89]. However, similar experiments performed in ambient
conditions reported an increase in collagen �ber sti�ness with age
[90]. Achterberg et. al detected a subtle increase in the local apparent
sti�ness of the ECM until the age of 50 years, after which a decrease
with age was observed [91]. Ultimately, the tissue preparation and
experimental methods used di�er between the studies, making direct
comparisons di�cult.

1.2.3 | Healing of skin wounds

The process of wound healing involves a complex interplay between
biological and mechanical cues that recruits a wide array of di�erent
cell types to the wound site [92]. Incorrectly healing wounds leads
to a strong reduction in life quality for the patients and places an
immense burden on the health care system globally [93]. Typically,
the healing of a wound is be divided into three overlapping phases:
The in
ammatory, new tissue formation and remodeling phase (see
�g. 1.2).

The in
ammatory phase starts immediately after injury, and aims
to protect against hostile organisms entering the body. Initially, a
platelet plug clogs the wound during primary hemostasis, forming
an initial blockage that prevents further blood loss. Through the
coagulation cascade, the preliminary platelet plug is converted into
a �brin clot that stabilizes the wound [94, 95]. This is achieved
by platelet-induced contraction the clot, directed from the edges
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towards the center, that ultimately forms a practically watertight
seal to the external environment [96, 97]. The contracted �brin clot
works as a sca�old that allows cells to in�ltrate the wound, and acts
as a reservoir of cytokines and growth factors that stimulate further
growth [98]. Notably, the healing outcome is drastically worsened in
cases where the contracted clot is not capable of fully forming [95].
As the platelets degrade, pro-in
ammatory signals are released, which
recruits monocytes and neutrophils [98, 99]. The neutrophils then
release cytokines that recruit monocytes from the bloodstream which
di�erentiate into macrophages. The macrophages remove ECM and
cell debris in addition to in
ammatory responses [100]. In parallel, the
cells within the wound bed will start secreting transforming growth
factors and platelet derived growth factors among other molecules,
which will recruit �broblasts to the wound. The �broblasts will start
to deposit collagen �bres in the granulation tissue. Initially, the
deposited collagen is of type III, which will gradually be replaced by
collagen type I as the healing progresses [101].

At the wound edge, keratinocytes will start to migrate across the
wound bed in a purse string-like manner, eventually re-epithelializing
the wound [102]. The activation of keratinocyte migration is based
upon a series of signals, among them changes in the local mechanical
environment [103, 104].

Due to the mechanical tension of the wound, many of the �broblasts
will di�erentiate into myo�broblasts, �-SMA positive cells that drive
wound contraction [15, 105]. Additionally, the myo�broblasts produce
large amounts of �brillar collagen that is deposited in the ECM. In
an adult mammalian, wounds form a scar as a result of healing,
indicating an over-depositioning of collagen [106]. The collagen �bers
within in the scar typically align parallel to the skin surface [107]. In
wounds under mechanical tension, as well as in cases where there has
been an overexpression of TGF-�, the myo�broblast di�erentiation
increases, which leads to highly �brotic scars [15, 108].
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It is now well-established that wounds are mechanosensitive, and that
the course of healing can be strongly a�ected by changing the me-
chanical cues that act on the wound [109]. However, although healing
wounds have been extensively studied from a biological perspective,
the fundamental mechanobiological mechanisms remain incompletely
understood [110]. In fact, how the coupling between the biological
and mechanical cues and how they translate into structural properties
of the tissue remains insu�ciently understood. Further complicating
the matter is the inevitable change of boundary conditions when
moving from the native to the laboratory setting.

Due to its relevance for both basic research and rapidly growing
technological advances in biomedical applications, the study of the
mechanical behavior of wounds has been extensively studied over the
last century. Generally, the mechanical properties of the healing tissue
is inferior relative to the unwounded, healthy skin, with decreased
strength and extensibility reported in literature [111, 112]. Whereas
previous �ndings on the in vivo behavior of wounds have indicated
a strong increase in the sti�ness of the wound core relative to the
healthy skin, quanti�cation of the collagen content in the wound
during the initial healing phases has not been able to corroborate
that behavior [101, 113].
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c

b

a

Figure 1.2: Overview of the di�erent phases of wound healing, depicting
the in
ammatory phase (sub�gure a), the new tissue formation phase
(sub�gure b) and the remodelling phase (sub�gure c). Adapted from
reference [114] with permission from Springer Nature.
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1.3 Mechanical characterization of skin

It is now well-established that mechanical stimuli a�ects the skin
across multiple length scales [23]. Ultimately, understanding how
these e�ects translate into changes in the micro- and meso-structure
is a gateway to not only enhancing the fundamental understanding
of skin, but also improving the treatment of skin-related diseases.
However, due to its complex structure, skin is a challenging material
to characterize [115].

1.3.1 | Mechanical characterization of skin on the
tissue length-scale

In its in vivo state, skin is known to be under a bi-axial state of
stress [116]. In standard engineering terms, skin is a multi-layered,
heterogeneous and anisotropic material [117]. In order to homogenize
testing protocols across di�erent applications, uniaxial tension experi-
ments were early adapted in biomechanics. In these experiments, the
sample is often cut to a standardized dogbone shape and stretched
apart under controlled conditions. A limitation of such experiments
is the inevitable loss of residual strain that many biological tissues,
including skin, are under in the in vivo state. In order to overcome
these issues, techniques such as preconditioning were developed, aim-
ing to restore the mechanical state of the specimen before testing
[118]. In any case, the di�erences between the stress-free reference
con�guration ex vivo and the initial homeostatic physiological state
in vivo have to be considered for mechanical analyses.

Skin is considered an anisotropic material [119]. Two factors con-
tribute to the anisotropic behavior: 1) the in-plane vs out-of-plane
orientation of �bers and 2) the location speci�c preferential orienta-
tion of �bers, as indicated by the preferred skin tension lines known as
Langer lines. In a uniaxial tension experiment, the typical J-shaped
response curve for soft tissues is observed, indicating a non-linear
response [117]. The J-shape occurs due to a number of reason. The

16



Mechanical characterization of skin

initial part of the curve has been suggested to be mainly accounted
for by the elastic �bers, due to the generally crimped, unactivated
state of the collagen �bers. As the stretching progresses, the collagen
�bers will not only uncoil and get activated, but also rotate towards
the stretching direction. This generates a strongly nonlinear e�ect
for both tension-stretch and stretch-contraction curves [118, 120].

It is also well-documented that skin exhibits visco-elastic properties,
i.e time-dependent mechanical behavior [121, 122]. More recently,
parts of the visco-elastic e�ects have been devoted to the multi-phasic
structure of skin, more speci�cally to the movement of interstitial

uid under deformation [123].

1.3.2 | Biomedical skin characterization devices

To enhance the capabilities of early disease detection and monitoring
of patients, it is important to use instruments with su�cient reliability
and resolution that provides an objective measure across observers.
The typical way of measuring the properties of skin in a clinical
setting was using palpation [124]. However, due to the limited
information provided by the technique as well as a large variation
between observers, the need for new methods became evident [125].
Since then, biomedical skin characterization devices have emerged as
valuable tools both in research and the clinic.

Due to lack of standardization, multiple biomedical devices were de-
veloped in parallel utilizing completely di�erent underlying working
principle, including but not exclusive to torsional, indentation, im-
pulse loading and suction devices. The main challenge that arises is
the uni�cation of the di�erent descriptors the devices uses to describe
the skin. To this end, inverse �nite element analysis can provide
useful results [126].
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1.3.3 | Microscale characterization of skin

Indentation tests performed with the atomic force microscope (AFM)
is one of the most commonly used techniques for assessing the local
mechanical properties soft biological tissue [127]. Because of its
relevance for several chapters in this thesis, an introduction to the
technique is presented.

The �rst appearance of the atomic force microscope was in 1986,
when Binnig and Quate presented a method for monitoring the
de
ections of an elastic beam using scanning tunneling microscopy
(STM), that demonstrated a vertical resolution of 1 �A [128]. Since
then, the instrument has been used to detect novel insight of surface-
and material characteristics within practically all scienti�c �elds.

The basic principles of the AFM has been summarized in �g. 1.3.
Brie
y, a laser beam is excited from within the scan head and
re
ected on the upper side of the cantilever. The re
ected beam then
ultimately hits a position sensitive diode (PSD). Based upon the
location of the laser beam on the PSD the de
ection of the cantilever
can be determined. Two parameters need to be determined for a
classical indentation experiment:

1. The spring sti�ness of the cantilever

2. The de
ection sensitivity of the system

A widely used method to determine the spring constant is the Sader
method, which utilizes the thermal oscillatory behavior of the can-
tilever [129]. At ambient temperatures, the cantilever is assumed
to oscillate as a simple harmonic oscillator where the driving force
is the thermal motion. By recording the thermal noise spectrum,
the resonance frequency and quality factor Q can be determined
by a curve �t. Ultimately, the calculated resonance frequency and
quality factor are used to calculate the spring constant and damping
parameters. In contrast to other methods where intrinsic material
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properties must be provided a priori, the Sader method only relies
on the geometry of the cantilever.

The de
ection sensitivity is needed to correctly convert the voltage
signal from the PSD into de
ections of the cantilever. Typically,
the de
ection sensitivity is determined by monitoring the z-piezo
movement as the cantilever is de
ected against a material that is
considered rigid relative to the cantilever bending sti�ness. This way,
no indentation occurs during the calibration. Ultimately, the slope
of the resulting curve represents the de
ection sensitivity, typically
designated in units of [V nm= 1].

Having determined the mechanical properties of the cantilever, the
forces acting upon it can be measured. One particular application
that utilizes this is nanoindentation, a technique that is often used
to extract local material properties. Herein, an object of known
geometry is attached to the the tip of the cantilever, typically a sphere
with a radius between 1{10 µm. When the cantilever is interacting
with the sample, the de
ections can then be converted into forces
acting on the tip geometry, generating a force-displacement curve.
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Figure 1.3: Summary of functional principle of AFM. Sub�gure a: An
overview of the procedure of an indentation experiment. The position
sensitive diode (PSD) is indicated. Sub�gure b: A representative force-
indentation curve.

The standard method used for analyzing such curves is using the
Hertzian contact theory, which provides closed-form analytical solu-
tions for a wide range of contact cases [130]. For a sphere indenting
a 
at half-space, the relationship between the force F acting on the
sphere and the corresponding indentation � of the 
at half-space is
de�ned as [131]:

F =
4
3

E
1 � �2R

1
2 �

3
2 (1.1)

where �, E and R represents the Poisson’s ratio of the material, the
Young’s modulus of the material and R the radius of the indenting
sphere, respectively. Notably, the theory assumes a homogeneous
material with linear elastic, isotropic material behaviour, and the
governing strains are assumed to be small. Furthermore, the bodies
in contact are assumed to be continuous and non-conforming and
interact without friction.

Soft biological tissues can be classi�ed as a multi-phasic heteroge-
neous material with non-linear stress-strain behaviour, in general
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not ful�lling the aforementioned assumptions of the Hertzian theory
[132, 133]. To acknowledge this deviation, the resulting modulus
from Hertzian theory is denoted the "apparent modulus", namely as
if the material obeyed the limitations of the assumptions.

Because of the small length-scales present in biological materials, in-
dentation experiments with small probe sizes is a widely used method
to extract material parameters from such experiments. However, due
to the very low sti�ness of such materials, the interpretation of the
force-indentation curves becomes di�cult due to the challenges as-
sociated with the determination of contact [134]. For this reason,
several algorithms have been proposed in literature, including but not
limited to constrained searches for best �t, changes in the derivatives
of the de
ection signal as well as signal-to-noise-ratio methods [134,
135]. Notably, a poor identi�cation of the contact point leads to an
incorrect reference con�guration, ultimately estimating the material
properties inaccurately [136].

Clearly, the analysis requires extension to nonlinear continuum me-
chanics, particularly at large indentation depths where the deviation
from linear theory increases drastically [137]. Nevertheless, the mul-
titude of di�erent approaches and extraction methods used in com-
bination with vastly di�erent probe geometries makes comparisons
between studies challenging.

Recent studies have shed light on the typical scale-dependent mechan-
ical properties that are documented in studies of biological tissues.
Whereas indentation experiments performed with AFM indicate
apparent moduli in the range of a few kilopascal, corresponding
macro-scale tensile experiments typically indicate values that are
several orders of magnitude larger. Wahlsten et. al hypothesized that
this e�ect occurs due to a poor engagement of the collagen structure
of the tissue during nanoindentation tests, based upon the fact that
the apparent modulus remained almost unaltered after a more than
10-fold increase in the collagen density of a collagen hydrogel [115]. In
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contrast, tensile experiments of the same two con�gurations resulted
in an increase in the apparent modulus of more than an order of
magnitude, re
ecting the increased �ber density well.

Furthermore, indentation experiments on native biological tissue is
almost exclusively performed on sections from excised tissue samples.
As explained above, this class of tissue are under large residual strains
in their in vivo con�guration, which can be documented by monitoring
the tissue contraction during excision, reported to be in the order
of tens of percent [83]. Thus, local indentation measurements are
performed on the contracted tissue, in which the �ber network is
in a slack, unengaged state, which is expected to contribute to the
aforementioned discrepancy.

1.3.4 | Topographic imaging using AFM

Contact mode imaging using AFM is very similar to stylus pro�lom-
etry used in tribological applications. The cantilever is approaching
the sample until the desired set force is reached. The surface is then
imaged by maintaining a constant de
ection of the cantilever by driv-
ing the z-piezo of the system through a PID-controller. Clearly, the
set-point de
ection should be as low as possible to avoid undesired in-
teraction with the sample, but still provide enough sensitivity for the
controller to track the surface correctly. When the set-point de
ection
is too low, or the controller insu�ciently tuned, the cantilever might
lose contact with the surface which results in horizontal streaks in
the image. To provide su�cient sensitivity to detect surface features,
soft cantilevers are employed. Furthermore, it is desirable to use a
tip radius that is as small as possible to minimize the convolution of
the surface.

The resolution of contact mode imaging can under the right conditions
provide atomic resolution [138]. To image soft biological tissues or
other highly compliant material in contact mode, it is bene�cial
or even strictly necessary to structurally strengthen the sample.

22



Constitutive modeling of soft biological tissues

This can be achieved using �xation techniques such as formaldehyde
crosslinking. To perform imaging on the native sample, di�erent
imaging techniques such as non-contact AFM imaging can be used,
which reduces the interaction with the sample drastically [139]. Non-
contact imaging has also been shown to provide atomic resolution [140,
141]. However, non-contact imaging in 
uidic environments poses a
challenging tuning of the cantilever due to the strong dampening of
the thermal oscillations in these environments.

1.4 Constitutive modeling of soft biological tissues

Constitutive modeling is a central pillar in the understanding of
physical systems. Not only does it provide an aid to interpret experi-
mentally observed phenomena, but also allows to investigate events
that are challenging or even impossible to explore in the real world
[142].

In general, constitutive models can be divided into two main branches
[118]:

1. Phenomenological models, which aim to describe the behavior
of a system as an empirical relationship, without describing
the underlying mechanisms that the system consists of.

2. Structural models, which use information about the microstruc-
ture of the system to describe the behavior across length scales.
To provide an adequate description of the system at a certain
length-scale, a reliable interpretation of the smaller length-
scales is necessary.

For mechanical systems, continuum-based approaches are especially
appealing, as robust discretization techniques such as the �nite
element method (FEM) are available. Herein, the respective �elds
are solved as partial di�erential equations in a element-wise manner,
allowing for e�cient computation using linear solvers. On the tissue-
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length scale, constitutive models of biological tissue have typically
been based on single-phase continuum models, where the multi-
phasic nature of the microstructure is described in an averaged sense
as a homogenized continuum [118]. Furthermore, this theoretical
framework allows for inclusion of relevant material characteristics,
such as time-dependent e�ects, energy dissipating mechanisms and
anisotropic behavior can be included using appropriate �eld variables
[143]. For skin in particular, examples include the implementation
of a preferred direction for the collagen network, time-dependent
dissipation of stored �ber energy and rate-dependent loading history
[123, 143]. Although these models do not explicitly incorporate multi-
scale structural dependencies, they have provided unique insight into
the phenomenological description of the macroscopic behavior of
biological materials.

The hydrated state of skin in combination with the very high bulk
modulus of water motivated the description of skin as an incom-
pressible solid. However, in recent years, the deformation-dependent
interstitial 
uid 
ow have been documented to play a paramount
role in the mechanical behavior of several biological tissues, including
skin [123, 133]. Because of its relevance for chapter 4, the basic
concepts of multi-phasic modelling are introduced below. The model
formulation used in this thesis has been implemented previously in
the group (see [115, 123]).

1.4.1 | Terminology and basic concepts of multi-
phasic modelling

Let x = �(X ; t) denote the mapping of the referential position X
into the current position x , where both X and x are described
relative to a referential, right-handed orthonormal basis.

The deformation gradient F can then be de�ned as:

F =
@x
@X

=
@�(X ; t)
@X

(1.2)
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which describes the relative motion of neighbouring points in the body.
The determinant of F, J = det(F) describes the local volume change.
To avoid unphysical motion such as local interfusion and volumetric
inversion, J > 0 must always be satis�ed. Notably, this condition
ensures a uniquely invertible mapping between the con�gurations,
i.e. X = ��1(x ; t) [144].

Consider an in�nitesimal volume element of a multi-phasic material
with a volume of dv. Within the volume element, multiple phases
are assumed to co-exist, and that a volume fraction can be assigned
to each phase �i = dv i

dv [145]. Although this assumption strictly
violates the heterogeneous nature of a multi-phasic material, it allows
for the use of continuous �eld variables. Notably, the theoretical
framework that follows assumes that the continuum hypothesis is
ful�lled, implying the existence of a representative volume element
(RVE) that describes the microstructural interactions between co-
existing phases in a homogenized manner.

Furthermore, the volume element is assumed to be saturated, which
implies that no empty voids exists in the material. This can be
enforced mathematically through the saturation constraint:

NX

i

�i = 1 (1.3)

which for a bi-phasic material consisting of a solid and 
uid phase
simpli�es to:

�S + �F = 1 (1.4)

where �S and �F represents the volume fraction of the solid and

uid phase, respectively.

Based upon the co-existing nature of the mixture, it is assumed that
the individual mappings of each phase can coincide in the current
position x :

x = �S(X S ; t) = �F (X F ; t) (1.5)
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In the theory of porous media, it is common use to associate F with
the deformation of the solid, so that

x = �S(X S ; t) = �(X ; t) (1.6)

and correspondingly v = vS [146].

For later use, it is bene�cial to de�ne the seepage velocity, which
describes the relative motion between the 
uid and solid phase:

vF S = vF � v (1.7)

The system is now described by the motion of the solid and the
relative velocity vF S of the 
uid relative to it.

It can be shown that the that the balance equations lead to the
following governing equations for the system [145]. The mass balance
results in:

_J + Jdiv(q) = 0 (1.8)

where q = �F vF S . The momentum balance reads

div� + b = 0 (1.9)

in the quasi-static state, where � and b represent the Cauchy stress
tensor and body force per current volume of mixture. Constitutive
equations are necessary to specify

� (F) = J�1 @	
@F

FT (1.10)

which is obtained by assuming that the solid is a hyperelastic material
with a strain energy density potential 	, and the Darcy type law

q = � kgrad�F (1.11)

where �F is the chemical potential of the 
uid, and k is the hydraulic
conductivity tensor.
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1.4.1.1 | Donnan equilibrium and osmotic pressure

As previously described, the abundance of PGs and GAGs within
the ECM of soft tissues plays an important role in the mechanical
behavior. In particular, due to their negative charge at physiological
pHs, they are the main drivers of interstitial 
uid 
ow. Generally,
these molecules are entrapped within the collagen network, and are
therefore considered to be �xed charges, in contrast to the mobile
ions of the interstitial 
uid that can di�use freely.

Of note, in the present work, the condition of electroneutrality is
assumed to equilibriate instantaneously everywhere. This is known
as Lanir’s hypothesis, wherein it is argued that if the di�usion
velocity of mobile charges is considerably higher than the interstitial

uid velocity, local equilibrium of charges can be assumed to hold
everywhere at any time [147]. Theoretically, the consideration of �xed
charges indicates the addition of a third phase in the formulation,
which have previously been proposed in literature [148]. However, the
associated computational cost is considerable. Herein, the relatively
small volume fraction of �xed charges motivated the simpli�cation
to neglect the volumetric contribution from the �xed charges.

Although the �xed charges are not considered a distinct phase per
se, the density of �xed charges is e�ectively controlling the osmotic
pressure within the mixture. The entrapment within the collagen
network and formation of a gel-like structure motivates to assume
that the �xed charges co-deform with the solid phase. Ultimately,
the density of �xed charges can therefore be described as a scalar
functional that depends on the local volume changes through J .

The current �xed charge density can be established by examining its
mass conservation, under aforementioned simultaneous motion with
the solid phase [146]:

cfc (J) = cref
fc

1 � �ref
S

J � �ref
S

(1.12)
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where cref
fc denotes the �xed charge density in the reference con�g-

uration. Based upon the di�erence in charge density between the
tissue and external bath, an osmotic pressure arises in order to obtain
chemical equilibrium in the mixture. Previous work (see e.g. [146])
established the following relation for the osmotic pressure ��:

�� = Rg�
� q

cfc (J)2 + 4c2
ext

�
� 2cext (1.13)

where Rg and � denote the ideal gas constant and the absolute
temperature, respectively. cfc (J) and cext represent the current
density of �xed charges in the solid and external bath, respectively,
noting that the former depends on the volumetric changes as indicated
in eq. (1.12).

The di�erence between the hydrostatic pressure p generated by vol-
umetric deformation of the solid matrix, and the osmotic pressure
(eq. (1.13)) generates the chemical potential

�F = p � (�� � �0) (1.14)

that drives the 
uid 
ow (eq. (1.11)). �0 is an additional constant to
satisfy an initial stress free state (cf. chapter 4) [115].
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Chapter 2

Aim and content

As highlighted in chapter 1, skin is a complex material, governed
by multiple constituents contributing to its mechanical behavior
across several length-scales. To enhance our understanding of the
biomechanics of skin, this thesis combines experiments on multiple
length-scales and computational models that allows for a rationaliza-
tion of the results.

In part II, the biomechanical properties of skin are assessed on the
tissue length-scale using biomechanical skin characterization devices.
Motivated by the limited knowledge regarding the comparability
of di�erent functional principles, the present work analyzes three
commonly used functional principles: suction, dynamic shear loading
and indentation.

Next, in part III, the local mechanical properties of murine skin are
assessed. Motivated by inconsistencies in previous �ndings, the local
mechanical properties of murine excisional wounds are assessed with
AFM-based indentation tests in chapter 4. Based upon a bi-phasic,
poroelastic �nite element model, the in
uence of relevant material
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2 Aim and content

parameters on the apparent sti�ness is assessed. To rationalize the
experimental results, topographic information obtained with AFM
contact imaging is implemented in the model, and its in
uence is
analyzed.

In chapter 5, the local mechanical properties of ageing skin is as-
sessed for murine tissue. Using laboratory animals, the in
uence
from extrinsic ageing is minimized, thus providing a framework to
investigate the e�ects of intrinsic ageing. Ultimately, the results are
compared with corresponding uniaxial tension experiments, so to
assess di�erences between characterization at di�erent scales.

To enhance the understanding of the typical large discrepancies in
apparent modulus between experiments conducted at di�erent scales,
a stretch-device allowing to consider samples in a stretched con�g-
uration during local indentation tests was developed in chapter 6.
First, a protocol for preserving the stretched state during the sample
preparation stages is presented. Thereafter, local indentation tests
are performed with AFM, and the results are compared between
stretched and unstretched con�gurations.

The main results of the thesis are summarized in part IV, with an
outlook for future research.
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Part II

Tissue length-scale
characterization of skin
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Chapter 3

A Quantitative Comparison
of Devices for In Vivo Biome-
chanical Characterization of
Human Skin

The following chapter contains an extended postprint of the published
article "A quantitative comparison of devices for in vivo biomechanical
characterization of human skin", Mechanics of Soft Materials 5, 5
(2023) by Junker H.J., Thumm, B., Halvachizadeh, S. and Mazza, E.
[149].

With technological advances, the availability of biomedical skin char-
acterization devices have increased drastically, improving the quality
of diagnotics and preventive care. With respect to characterization
of the mechanical porperties of skin, a wide range of devices that
utilize fundamentally di�erent working principles are available.

In this work, three commonly used working principles are analyzed
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3 Quantitative Comparison of Biomedical Skin Devices

and compared. Preliminary measurements on a controllable syn-
thetic substrate was used to assess the ability to detect changes
in the underlying substrate sti�ness with each device. Thereafter,
measurements on human volunteers were performed, which were used
to investigate the ability to distinguish di�erent body locations as
well as inter-rater and intra-rater relibility using the intraclass corre-
lation coe�cient. Ultimately, �nite element models of each working
principle were developed, which were used to rationalize the observed
�ndings.
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Abstract

Non-invasive skin characterization devices are emerging as a valuable
tool in clinical skin research. In recent years, the range of available
experimental techniques and methods used to determine the biome-
chanical properties of skin has increased considerably. Although a
substantial amount of work has been devoted to assessing the working
principle of macroscopic skin characterization devices individually, a
rationalization and comparison between them is still lacking. This
motivated the present study, which aims to characterize and compare
three commonly used working principles: suction, dynamic shear
loading and indentation. A synthetic model system with tunable
mechanical properties was used to assess the three devices, and the
results rationalized based on corresponding �nite element models. In
vivo measurements were performed on healthy volunteers to investi-
gate the capability of di�erentiating the biomechanical properties of
skin at di�erent body locations, and to assess the intra- and inter-
rater reliability of each device. The present comparative analysis
indicates that the analyzed functional principles perceive the sti�-
ness of human skin di�erently, with relevant implications for the
interpretation of the respective measurement results.
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Data availability

The datasets generated during the current study are available from
the corresponding author on reasonable request.
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Introduction

3.1 Introduction

The skin is the largest organ of the human body, forming our pri-
mary protective barrier to the surrounding environment. From a
mechanical perspective, skin is a highly complex material, capable of
undergoing large deformations whilst displaying high fracture tough-
ness as well as a capability of repairing injuries and growing [114,
150, 151]. On the microstructural scale, mechanical and biochemical
cues go hand in hand to maintain the functional properties of the
skin [152, 153]. Skin can be described as a multi-phasic soft-tissue,
consisting of three main layers: epidermis, dermis and hypodermis.
Due to its heterogenous layered structure, pronounced tension-stretch
nonlinearity and time dependence associated with 
uid 
ow and solid
phase dissipation, skin remains a challenging material to characterize
from a mechanical perspective [117, 123, 154].

The biomechanical properties of skin play a fundamental role in a wide
range of medical applications and pathologies such as wound healing
and the formation of scars, ageing associated fragility as well as skin
�brosis [62, 155, 156]. Furthermore, recent advances in skin tissue
engineering have highlighted the need for individually optimized
properties of sca�olds, making their mechanical characterization
with respect to native tissue highly relevant [23, 157]. However,
conventional mechanical characterization techniques require excision
of skin samples, making them unsuitable for other than research
purposes.

More recently, non-invasive in vivo skin characterization devices have
developed into promising tools for measurements at the tissue length
scale. The functional principle behind these devices can vary greatly,
not to mention the nature of the extracted parameters, pointing
to a lack of standardization [158]. Only few attempts have been
made to correlate and compare di�erent devices, highlighting the
need for a quantitative comparison of their ability to characterize
the mechanical properties of skin [159]. This is the focus of the
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3 Quantitative Comparison of Biomedical Skin Devices

present study, addressing three commonly applied working principles:
suction, dynamic shearing and indentation.

First, measurements were performed with the di�erent devices on
elastomers with tunable mechanical properties in order to investigate
the capability of each device to determine the substrate sti�ness.
Corresponding �nite element (FE) simulations were performed to
rationalize the measurements. In fact, correspondence between simu-
lations and measurements indicated that the models reproduced the
respective measurement principles well. Each device was then used
to perform measurements on �ve human subjects in two di�erent
anatomical sites. The capability of distinguishing the two sites was
assessed, as well as the intra- and inter-observer reliability through
the means of the intra-class correlation coe�cient (ICC) [160]. Based
on the calibration with elastomers, corresponding apparent moduli
of the measurements on volunteers were determined for each de-
vice, serving as a framework for directly comparing the di�erent
measurement principles.

3.2 Methods

3.2.1 | Suction experiments

Suction experiments were performed with the Nimble, a skin suction
device recently developed at ETH Zurich [161]. One of the key
advantages of the Nimble is its lightweight design. Consequently, the
device can be operated with small contact forces, greatly improving
the reliability of the measurements [161]. It has been successfully
applied in numerous preclinical and clinical studies, such as for
assessing the severity of skin �brosis and for longitudinal monitoring
of scar maturation in paediatric burn patients [125, 162, 163].

Its functional principle is based upon the application of a progressive
negative pressure inside a cylindrical probe placed on the skin surface,
together forming a closed chamber (�g. 3.1a). The measurement is
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considered to be quasi-static due to the slow pressure ramp applied
(15 mbar s= 1). The negative pressure inside the chamber induces
deformations in the skin layers. Eventually, the elevation of the skin
reaches the position h, e�ectively sealing the suction pipe. This event
is easily recognizable in the pressure-time diagram, as the pressure
di�erence �P between the suction line and the chamber will rapidly
increase when the suction pipe closes (�g. 3.1b). Consequently, the
closing pressure Pcl can be extracted from the diagram when �P
reaches a pre-de�ned threshold. The probe can easily be exchanged
to accommodate di�erent probe opening widths and tissue elevations.
A probe diameter of d = 6 mm and a probe elevation of h = 1 mm
was used in this study.

A corresponding FE model was constructed as an axisymmetric
model in the FE software ABAQUS (Version 6.14, Dassault Syst�emes
Simulia, Johnston, USA). The suction was induced by a negative
pressure boundary condition. The vertical displacement of the apex
point was monitored, allowing the closing pressure to be extracted
from the pressure-elevation diagram. The mesh was generated with
a free meshing technique with a minimum seed size of 25 µm using
axisymmetric elements with quadratic interpolation (n = 64,480). A
�gure showing the FE model boundary conditions and corresponding
mesh can be found in the appendix (�g. 3.9).

3.2.2 | Dynamic shear force experiments

Dynamic shear force experiments were performed with the Myoton-
PRO (Myoton AS, Tallinn, Estonia), a device originally developed to
characterize the biomechanical properties of muscles and soft tissues
[164, 165]. More recently, the mode of application was adapted to
allow for shear force measurements on the skin surface [166]. A
circular disk with a radius of 5 mm is adhered to the skin surface
using double sided medical grade tape with a thickness of 0.09 mm
(1577, 3M, Maplewood, USA). Thereafter, the handheld device is
connected to the skin through an L-shaped probe (�g. 3.2a).
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Figure 3.1: An overview of the principle of the suction device. a) Sketch
of the suction experiment with the skin in a deformed state. The air 
ow
due to the negative pressure is indicated. b) An example graph showing the
output data from the device. The closing pressure Pcl is determined when
the di�erence between the pump pressure Ppump (orange) and the chamber
pressure Pchamber (dotted blue) reaches the pre-determined threshold �P .

To initiate the measurement, a pre-force of 0.18 N is applied along
the horizontal axis. Thereafter, a force impulse of 0.42 N (total
load 0.60 N) is applied over an interval of 7 ms, during which the
displacement and acceleration of the probe is recorded (�g. 3.2b).
Ultimately, the sti�ness parameter is extracted as:

S =
amax � mprobe

�u

hm s�2 kg
m

i
(3.1)

where amax represents the maximum acceleration (see �g. 3.2), �u
the maximum displacement from the position of the pre-tension phase
and mprobe the mass of the probe. The standard operating mode of
the device outputs the average of �ve consecutive impulses.

The mirror symmetry about the probe axis was utilized when gener-
ating the FE model. The numerical analysis was performed using an
explicit solver (ABAQUS Explicit, Version 6.14). The pre-force was
applied quasi-statically to a reference point on the rigid disk to which
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the mass of 9 g was assigned. Thereafter, the impulse was imple-
mented as a step function on the interval t 2 [0 ms; 7 ms]. Dissipative
behaviour was not implemented in the model due to the substantial
accompanying computational costs. The mesh was generated using
three-dimensional tetrahedral elements with quadratic interpolation
(n = 86021) with a minimum seed size of 500 µm. An overview of
the FE model boundary conditions and mesh can be found in the
appendix (�g. 3.10).
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Figure 3.2: An overview of the principle of the dynamic shear force device.
a) Sketch of the shear probe attached to the skin. b) An acceleration
curve generated by the device used to calculate the dynamic sti�ness. The
parameter amax needed for the calculation of the sti�ness descriptor S has
been indicated.

3.2.3 | Indentation experiments

Indentation experiments were performed with the SkinFibroMeter
(SFM) (Del�n Technologies, Kuopio, Finland). It is a skin indentation
device composed of two di�erent force sensors; a base plate (R = 11:5
mm) and a central cylindrical indenter with a length and radius of
1.25 mm (�g. 3.3a). After indenting the skin, the force on the central
indenter is reported when complete contact between the skin and
base plate is detected (�g. 3.3b). The reported value is the mean
value of �ve successive indentations, each of which lasting 0.5 s. The
output of each single indentation is not accessible to the user.
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The system was modelled exploiting the axisymmetric nature of the
device. The mesh of the FE model was generated using axisymmetric
triangular elements with quadratic interpolation (n = 23,379), with
a minimum seed size of 100 µm. The indentation was realized by
enforcing a displacement-controlled boundary condition of the base
plate and central indenter, which were modelled as rigid bodies. The
indentation force could then be extracted from the diagram showing
the reaction force on the rigid bodies, where the event of full contact
with the base plate is easily recognizable due to the sudden increase
in force. An overview of the FE model boundary conditions and
mesh can be found in the appendix (�g. 3.11).

a b

Figure 3.3: An overview of the working principle of the indentation
device, shown in a). b) The two stages of the indentation procedure has
been depicted: b1) only the central indenter is in contact with the skin;
b2) both the central indenter and base plate are in contact with the skin.

3.2.4 | Synthetic material preparation and charac-
terization

A model system with controllable mechanical properties was selected
to evaluate the di�erent devices. For this purpose, silicone elastomers
were prepared, for which the Young’s modulus can be controlled by
varying the density of crosslinks. Two di�erent elastomers were man-
ufactured; Eco
ex (00-30, Smooth-On, Macungie, USA) mixed with
a silicone thinner (weight ratio 1:1:1, Silicone Thinner, Smooth-On,
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Macungie, USA) (hereafter: EF) and polydimethylsiloxane (Sylgard
184, Dow, Midland, USA) with a base-to-crosslinker ratio of 35:1
(w=w) (hereafter: PDMS). After mixing the corresponding ratios,
the mixtures were degassed in a vacuum desiccator before casting
into petri dishes (PDMS: D = 89 mm, m = 60 g; EF: D = 87 mm,
m = 45 g). The samples were then degassed again before curing
(PDMS: 2 h at 80 °C; EF: 4 h at room temperature).

A third con�guration was produced by spincoating (600 rpm, 90
s) a layer of the 35:1 PDMS on top of an already cured sample of
a much softer PDMS with a base-to-crosslinker ratio of 45:1. The
particular parameters for spincoating were chosen such that a layer
thickness of about 100 µm was achieved. This con�guration was used
to investigate the capability of each device to detect the spincoated
layer, when compared to measurements on the uncoated sample.

The sti�ness of each material was measured by performing indenta-
tion experiments with a micromechanical testing rig (FT-MTA02,
FemtoTools AG, Buchs, Switzerland) (�g. 3.4a). Force sensors with
a range of � 1000 µN and a sensitivity of 0.05 µN (FT-S1000, Femto-
Tools AG, Buchs, Switzerland) were modi�ed by �xing high precision
spheres with a radius of 100 µm (cubic zirconia, Sandoz Fils SA,
Cugy, Switzerland) to the proximity of the sensors using UV light
curing adhesive (AA3394, Henkel Loctite, Rocky Hill, USA). Force-
displacement curves were acquired with a displacement rate of 1
µm s= 1 in steps of 0.2 µm. Each sample was indented in minimum 9
di�erent locations separated by at least 500 µm. An apparent elas-
tic modulus (E) was extracted from each force-displacement curve
under the assumptions of the analytical Hertzian contact solution
(�g. 3.4b). For a rigid, spherical indenter and a 
at, elastic half-space,
the relationship between the force on the indenter (F ) and the elastic
modulus of the material (E) is given by [131]:

F =
4
3

�
E

1 � �2

p
R�3=2 (3.2)
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where R, � and � represent the radius of the indenting sphere, the
Poisson’s ratio and the indentation depth, respectively. The elas-
tomers were assumed to be incompressible, thus � = 0:5 was used for
the subsequent analysis. Previous work demonstrated a very good
correspondence between Young’s modulus obtained from microinden-
tation and from uniaxial tensile tests [167].
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Figure 3.4: An overview of the microindentation procedure used for
elastomer characterization. The procedure of the indentation experiment
is shown in a), whereas the corresponding analytical �t of the experimental
data is depicted in b).

3.2.5 | Constitutive model

The elastomers were modelled as hyperelastic materials. For sim-
plicity, the incompressible form of the neo-Hookean strain energy
potential was used:

	 = c1(I1 � 3) (3.3)

where c1 = 1
2� = 1

6E (�: shear modulus; E: Young’s modulus) and
I1 = tr(C) represents the �rst invariant of the right Cauchy-Green
deformation tensor C. The material model was validated by perform-
ing FE simulations of the aforementioned indentation experiments,
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which indicated excellent agreement between the experimental and
simulated force-displacement curves. Note that a variety of di�erent
strain energy potentials have been proposed in literature for modeling
the present silicone elastomers [168]. The simplistic model applied
here was shown to be adequate for the numerical simulations of the
three devices considered here.

3.2.6 | In vivo measurements

Five male volunteers (hereafter: VO1-VO5) in the age group 20-40
years were recruited at ETH Zurich in agreement with the ethical
approval (ETH EK 2020-N-174). Each volunteer was examined in
two di�erent body locations by three di�erent observers (O1-O3) with
each device. Each observer performed four repeated measurements in
each location. The two di�erent locations, namely the volar forearm
(VF) and the forehead over the temple (FH), were chosen based on
their expected di�erence in skin sti�ness, as reported in previous
studies [161].

3.2.7 | Statistical analysis

The di�erence in sti�ness between the two anatomical locations was
investigated with an unpaired two-sided t-test for each volunteer
using the mean value over the four repetitions from each observer
(n = 3). The reliability was assessed through the means of the intra-
class correlation coe�cient (ICC). More speci�cally, the ICC(2,1) and
ICC(2,k) (two-way random e�ects model, absolute agreement) was
used to assess the single-rater and average inter-rater reliability in
each location, respectively [169]. Likewise, the intra-rater reliability
was determined using the ICC(2,1) (two-way mixed e�ects model,
absolute agreement). The intra-rater reliability was calculated using
each repetition for each observer. The categorization of ICC values
was done according to the criterion developed by Cicchetti [170]:
ICC � 0:4: poor reliability; 0:4 <ICC � 0:59: fair reliability; 0:6 �
ICC � 0:74: good reliability; 0:75 � ICC � 1:0: excellent reliability.
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A correlational analysis was performed on each pair of devices. The
degree of correlation was then assessed using the Pearson correlation
coe�cient and the corresponding p-value [171]. The statistical analy-
sis was performed in R (RStudio, Boston, USA) and Prism (Version
9.1, Graphpad, San Diego, USA).

3.3 Results

3.3.1 | Synthetic material characterization

The mean apparent modulus for the di�erent elastomer con�gura-
tions EF and PDMS was calculated from the corresponding force-
displacement curves of the microindentation experiments (�g. 3.5).
These were found to be 28.5 kPa (coe�cient of variance (CV) 2.17
%) and 76.0 kPa (CV: 3.43 %), respectively. This indicates a fold
change of sti�ness of 2.67 between the two elastomers. The minimum
value of R2 was 0.99, indicating an excellent goodness-of-�t of the
force-displacement curves.
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Figure 3.5: Overview of the sti�ness values obtained with the microinden-
tation tests on the elastomeric materials EF and PDMS. Data are mean
� SD, individual data points shown with circles (n = 9).

3.3.2 | Suction experiments

3.3.2.1 | Synthetic material characterization

The measurements performed on the synthetic model system with
the suction device resulted in mean closing pressures of 111.0 mbar
(CV: 1.34 %) and 292.0 mbar (CV: 0.93 %) for the EF and PDMS
con�guration, respectively, indicating a fold change of 2.63 (�g. 3.6a).
By utilizing the material properties found in section 3.3.1 as input
values for the �nite element analysis, the corresponding simulations
yielded closing pressures of 115.7 mbar and 290.2 mbar, resulting
in deviations of 4.2 % and 0.6 % with respect to the experiments.
The fold change of the closing pressures found in the �nite element
analysis was calculated to be 2.51. With respect to the layered
con�guration, the suction device detected an increase of 12.2 % in
the closing pressure relative to the bulk elastomer (�g. 3.6d).
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Figure 3.6: An overview of the results obtained on the synthetic model
system using the di�erent measurement techniques: a) Suction; b) Dynamic
shear force; c) Indentation; d) The fold change of reported mean value
between the layered con�guration and bulk elastomer. Data are mean �
SD (n = 30). ns: p > 0:05; *: p < 0:05; **: p < 0:01; ***: p < 0:001; ****:
p < 0:0001.

3.3.2.2 | In vivo measurements

The measured closing pressure in the FH and VF location is reported
in �g. 3.7 a for all volunteers. For each observer, the mean value of the
four repetitions was used. The capability of detecting di�erences in
sti�ness between the two measurement locations was assessed for each
volunteer through the means of a t-test. Signi�cant di�erences were
found in four out of �ve volunteers based on suction measurements.
The mean closing pressure was found to be 32.8 mbar and 60.4 mbar
in the FH and VF location, respectively, with corresponding ranges
of 19.2 mbar and 24.3 mbar.
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Figure 3.7: An overview of the measurements performed on the healthy
volunteers using a) Suction; b) Dynamic shear force and c) Indentation.
n = 3 observers for each location in each volunteer. Data are mean �
SD (n = 3). The di�erence between the two locations was statistically
tested with a two-sided t-test. ns: p > 0:05; *: p < 0:05; **: p < 0:01; ***:
p < 0:001; ****: p < 0:0001.

3.3.3 | Shear force experiments

3.3.3.1 | Synthetic material characterization

The measurements on the synthetic model system using the dynamic
shear force device resulted in mean values of 591.7 N m= 1 (CV: 5.64
%) and 1328.0 N m= 1 (CV: 1.62%) (see eq. (3.1)) on the EF and
PDMS con�guration, respectively (�g. 3.6b). Note that a single
impulse was used for each repetition on the elastomers. The fold
change of sti�ness between the EF and PDMS con�guration was
found to be 2.24.

The corresponding FE simulations for the EF and PDMS con�gu-
rations indicated sti�ness values of 648.4 N m= 1 and 1334.8 N m= 1,
resulting in deviations of 9.6 % and 0.5 % to the experimental results.
The fold change of sti�ness between the two FE simulations was
found to be 2.06. The measurements on the layered con�guration
resulted in an increase of 5.0 % in the sti�ness relative to the bulk
elastomer (�g. 3.6d).
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3.3.3.2 | In vivo measurements

The measurements on volunteers with the dynamic shear force device
are reported in �g. 3.7b. Signi�cant di�erences were found between
the two locations for all volunteers. The mean sti�ness value in
the FH location was found to be 582.2 N m= 1 with a range of 107.8
N m= 1, whereas the mean in the VF location was found to be 404.4
N m= 1 with a range of 93.4 N m= 1.

3.3.4 | Indentation experiments

3.3.4.1 | Synthetic material characterization

The measurements on the EF and PDMS resulted in mean force
values of 0.122 N (CV: 5.75%) and 0.339 N (CV: 12.71%), respectively
(�g. 3.6c). The fold change between the two bulk con�gurations was
found to be 2.78. The FE calculations resulted in indentation forces
of 0.133 N and 0.331 N for the EF and PDMS, respectively, indicating
deviations of 9.0 % and 2.4 % to the experimental results. The fold
change between the FE calculations was found to be 2.49. The
measurements on the layered con�guration resulted in an increase
of 7.1 % in the indentation force relative to the bulk elastomer
(�g. 3.6d).

3.3.4.2 | In vivo measurements

Signi�cant di�erences were found between the two locations for all
volunteers (�g. 3.7c). The mean value for the FH location was found
to be 0.038 N with a range of 0.007 N. The mean value for the VF
location was found to be 0.110 N with a range of 0.086 N.

3.3.5 | Inter-rater reliability

The inter-rater reliability was assessed through the means of ICC(2,1)
and ICC(2,k) (table 3.1). The suction device provided high values,
with values categorized as either good or excellent reliability. The
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shear force measurements was categorized as good and poor in terms
of ICC(2,1), which improved to excellent and fair for ICC(2,k). For
the indentation experiments, the measurement reliability in the VF
location was categorized as good and excellent in terms of ICC(2,1)
and ICC(2,k), respectively. However, the measurements performed
on the FH resulted in an ICC(2,1) and ICC(2,k) value of 0, indicating
that the device showed no capability of distinguishing the di�erent
volunteers in this location.

Table 3.1: Summary of inter-rater reliability in each measurement location,
determined using ICC(2,1) and ICC(2,k).

Functional principle
Location Suction Dyn. shear force Indentation

ICC(2,1) FH 0.74 0.65 0
VF 0.65 0.32 0.64

ICC(2,k) FH 0.89 0.85 0
VF 0.85 0.58 0.84

3.3.6 | Intra-rater reliability

The intra-rater reliability was assessed using ICC(2,1). The aver-
age ICC(2,1) of all observers in each location has been reported in
table 3.2. The values obtained with the suction devices were both
categorized as good, whereas those obtained with the dynamic shear
force devices were categorized as good and fair. The values obtained
from the indentation data was categorized as fair and excellent,
respectively.

3.3.7 | Comparative analysis

To evaluate the correlation between the di�erent devices, the Pear-
son correlation coe�cient was calculated with the data from both
locations for each combination of experimental techniques (�g. 3.8)
[171]. The suction experiments correlated strongly positively with
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Table 3.2: Summary of the average intra-rater reliability values in each
location quanti�ed by ICC(2,1). The criterion used to categorize the values
can be found in [170].

Functional principle

Location Suction Dyn. shear force Indentation

ICC(2,1) FH 0.63 0.71 0.48
VF 0.68 0.56 0.82

the indentation experiments when considering the data points from
both locations. Surprisingly, the shear force experiments correlated
strongly negatively with the other two experimental techniques.

a Suction vs dyn. shear force c Indentation vs dyn. shear forceb Suction vs indentation
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Figure 3.8: Overview of the correlation between measurement techniques.
The Pearson correlation coe�cient (r ) and corresponding p-value is indi-
cated in each sub�gure. The data points measured at the FH location
are shown as blue circles, whereas the data points measured at the VF
location are shown as orange triangles.

The intra-location correlation coe�cients have been reported in the
supplementary material (see �g. 3.14).
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3.3.8 | Apparent modulus

Based upon the excellent agreement between the �nite element model
and experimental results on elastomers, an estimate of the perceived
apparent modulus of each functional principle could be calculated
from the in vivo measurements, where the mean of all measurements
performed in each location was used as reference value (table 3.3). For
this purpose, the FE model used for the PDMS con�guration was used
for each device to compute an apparent modulus corresponding to
the measured descriptor value. Notably, the suction and indentation
model reported the same apparent modulus in FH location with a
value of 8.6 kPa. Conversely, a similar agreement was not found in
the VF location, where apparent moduli of 15.8 kPa and 25.2 kPa
were obtained by the devices. The dynamic shear force measurements
reported apparent moduli of 28.3 kPa and 17.6 kPa in the FH and
VF location, with the largest discrepancy with respect to the other
devices observed for measurements in the FH location.

3.4 Discussion

In vivo skin characterization devices play an important role in clin-
ical research given their capability of measuring skin properties
non-invasively. However, the breadth of experimental techniques
used in di�erent devices lead to a wide range of extracted param-
eters and corresponding biomechanical properties. Motivated by
the lack of uni�cation and standardization between the di�erent
working principles of skin characterization devices, the present study
aimed to compare three common skin characterization techniques:
suction experiments using the Nimble; dynamic shear force using the
MyotonPRO; and indentation experiments using the SkinFibroMeter.

3.4.1 | Synthetic material study

A preliminary study on synthetic materials was conducted in order
to rationalize the di�erent functional principles. The reference ma-
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Table 3.3: Summary of the apparent moduli corresponding to the mea-
surements performed in vivo . The mean of the pooled data in each location
was used as descriptor value.

Suction

Location Descriptor [mbar] App. mod. [kPa]

FH 32.8 8.6
VF 60.4 15.8

Dyn. shear force

Location Descriptor [N/m] App. mod. [kPa]

FH 582.2 28.3
VF 404.4 17.6

Indentation

Location Descriptor [N] App. mod. [kPa]

FH 0.038 8.6
VF 0.110 25.2

terial properties of the synthetic materials was determined using
high-precision micro-indentation equipment, which made it possible
to observe to what extent the di�erent devices could capture the
corresponding values of material sti�ness. These properties then
served to calibrate a corresponding �nite element model that was
developed in parallel for each functional principle.

Overall, an excellent agreement was observed between the experimen-
tal results and corresponding numerical analysis for all three devices,
with a maximal deviation of less than 10 %. The FE model of the
dynamic shear force experiment did not account for rate dependent
material behaviour, which might be a contributing factor to the dis-
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crepancy between the computational and experimental results, as this
device induces high shear rates. As shown herein, the measurements
on the soft elastomer (EF) used in this study reported sti�ness values
comparable to healthy human skin. With sti�ness values comparable
to measurements on a matured scar, the sti� elastomer (PDMS) can
be assumed to represent an upper bound of the physiological range of
human skin sti�ness [162]. Ultimately, all three devices were able to
reliably distinguish the sti�-coated soft polymer from the uncoated
con�guration. This might indicate a similar capability of detecting
microstructural changes in the skin.

3.4.2 | In vivo measurements

Considering that all devices reported an increased sti�ness in the lay-
ered elastomer con�guration under controlled boundary conditions,
it is clear that the di�erent functional principles lead to fundamen-
tally di�erent ways of perceiving the mechanical properties of skin.
All three devices were able to successfully distinguish the two mea-
surement locations in the in vivo measurements, noting that the
suction device failed to detect a signi�cant di�erence in one subject.
Interestingly, the average relative range for the suction experiments
was considerably higher than the other two functional principles.
In contrast to the suction and indentation experiments, the shear
force experiments showed a consistent decrease in sti�ness between
the forehead and volar forearm for all volunteers. The same e�ect
was observed in a recent study done by Rosicka et. al., where the
skin sti�ness was evaluated in di�erent body locations using the
MyotonPRO with indentation and shear probes, respectively [166].
Herein, an inconsistent variation in sti�ness values between the dif-
ferent probes was reported, in line with the �ndings in this study.
It is hypothesized that this e�ect occurs due to the in
uence from
the level of deformation applied during the pre-tension phase of the
measurement. This factor is expected to vary for each anatomical
location, not only due to the properties of the underlying tissue,
but also depending on the direction of imposed displacement, given
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the strong anisotropy of skin [119]. It should be noted that the
MyotonPRO provides additional parameters that may contribute to
a biomechanical characterization of skin. These parameters were not
considered in the present study.

3.4.3 | Inter- and intraobserver variability

High repeatability and reliability is highly relevant for a skin char-
acterization device to be considered for clinical use. In this study,
suction experiments provided high values of inter-rater and intra-rater
reliability. The inter-rater reliability was found to be zero for both
measures (ICC(2,1) and ICC(2,k)) for the indentation experiments
in the FH location. This indicates an incapability of distinguishing
the di�erent subjects. On the other hand, indentation provided the
highest intra-rater reliability at VF, showing great repeatability. At
FH, the intra-rater reliability was highest for the dynamic shear force
device.

The comparative analysis indicated a positive intra-location cor-
relation between the suction and indentation experiments, which
supports the validity of both measurements.

3.4.4 | Apparent modulus

Motivated by the agreement between the experimental results and
corresponding numerical simulations on the synthetic model system,
an apparent modulus was calculated using the corresponding FE
model for each measurement principle in each location. This analysis
indicated a good agreement between the suction and indentation
technique in the FH measurement site, whereas the indentation device
reported a larger increase in sti�ness value for the VF measurement
site. This e�ect could be related to the in
uence of deeper layers at
this location, increasing the apparent sti�ness for compressive loads.

Notably, the dynamic shear force device operates at a deformation
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rate orders of magnitude higher than the other two devices used in
this study, which can explain the di�erent skin assessments. Further-
more, the neo-Hookean model applied in the present work represents
a simpli�cation not only of the tissue response but also for the
elastomers considered in this study. A multilayer, time dependent
numerical model of the skin and the underlying structures could help
explaining the di�erences in measurement outcomes and facilitate
the interpretation of the results from each device. In conclusion, it is
evident that the reported apparent moduli can vary greatly between
the di�erent functional principles, so that a direct comparison of the
sti�ness descriptors is not possible.

3.5 Conclusion

In this study, three di�erent devices for in vivo skin characteriza-
tion were analyzed and compared. Using synthetic materials and
corresponding FE simulations, a framework for rationalizing the dif-
ferent functional principles was established. The subsequent analysis
showed that the apparent moduli detected by the di�erent devices
on the synthetic materials were in excellent agreement. Moreover,
all three devices were able to reliably detect a thin, sti� coating
on a soft substrate. When performing measurements on healthy
volunteers, the agreement between the devices was partially lost, as
both the relative values and magnitude of the skin sti�ness detected
in each location di�ered between the devices. It is clear that the
di�erent devices respond di�erently to the complex structure of the
skin at each anatomical location, which ultimately motivates a careful
interpretation of the descriptors and the comparison between them.
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3.7 Supplementary material

3.7.1 | FE model of suction experiment
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Figure 3.9: An overview of the FE model of the suction experiment. a)
A principal sketch of the �nite element model where the BCs have been
indicated. b) The closing pressure is extracted by reading out the applied
pressure when the apex displacement reaches the displacement limit h. c)
The mesh of the region around the suction chamber is shown. The color
map indicates the vertical displacement of the elements.
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3.7.2 | FE model of dynamic shear force experiment
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Figure 3.10: Overview of the FE model of the dynamic shear force
experiment. a) A principal sketch of the �nite element model where the
BCs have been indicated. b) Curve of the acceleration and displacement of
the rigid body generated with the model. Initially, the pre-force is applied
gradually (Note: The axis has been cut). Thereafter, the acceleration and
displacement are monitored during and subsequent to the force impulse. c)
The mesh of the three-dimensional model, indicating the mirror symmetry
used.
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3.7.3 | FE model of indentation experiment
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Figure 3.11: Overview of the FE model of the indentation experiment.
a) A principal sketch of the �nite element model where the BCs have
been indicated. b) The indentation force is determined when complete
contact with the base plate has been achieved. This can be observed when
the slope in the force diagram changes, and the output value is read out
(indicated in the �gure). c) The mesh of the region around the indenter is
shown. The color map indicates the vertical displacement of the elements.
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3.7.4 | Additional suction experiments

In addition to the standard probe geometry of the Nimble, an ad-
ditional probe with probe elevation h2 = 0:5 mm and aperture of
d2 = 6 mm was used in the in vivo measurements. The reduce aper-
ture and elevation height h leads to a concentration of strain energy
at shallower skin depths. Thus, the change in probe size engages
with the microstructure of skin at a di�erent depth which allows for
a depth-dependent apparent sti�ness.

Furthermore, suction measurements were performed with the Cu-
tometerfi dual MPA 580 (Courage + Khazaka electronic GmbH,
Cologne, Germany) for comparison. Whereas the Nimble is displace-
ment controlled, the Cutometer is pressure-controlled. The device
functions in a similar fashion as the Nimble, i.e the tissue is deformed
due to the application of a negative pressure within a chamber. The
elevation of the skin is monitored with the re
ection of a light signal.
The pressure increases until a desired value is reached, at which the
corresponding elevation is designated R0. Several other parameters
can be extracted from the time-dependent pressure-displacement
curves, which were not considered herein. Notably, previous works
have documented that the parameter R0 is su�cient to characterize
and distinguish skin in di�erent body locations [161]. In this study,
a maximum pressure of 100 mbar was used due to its expected agree-
ment with the closing pressure reported by the Nimble in the body
locations considered.

Due to the di�erence in working principles, a direct comparion of
extracted values is not possible between the di�erent suction devices.
Relative to the Nimble, the Cutometer is known to impose substantial
pre-deformation of the skin due to its higher mass (165 g vs � 3:5 g)
[161]. The imposed deformation is recorded by the device and can
be implemented in the post-processing.

In line with previous studies, the values from the di�erent devices
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are compared through the calculation of an apparent sti�ness k. For
the Nimble, this descriptor is calculated as following:

kNimble =
pcl

h
(3.4)

where pcl and h is the closing pressure and elevation height, respec-
tively. For the Cutometer, two variants of the descriptor is used:

kR 0 =
pmax

R0
(3.5)

describes the apparent sti�ness with without correction for the pre-
deformation. Furthermore, as proposed in literature, a modi�ed
apparent sti�ness that takes the predeformations into account is
found as:

kR 0
corr =

pmax

R0 � Rpre
(3.6)

where Rpre designates the predeformations of the tissue.

3.8 Results Nimble (0.5 mm)

Signi�cant di�erences were detected in three out of �ve volunteers
with the 0.5 mm elevation height (see �g. 3.12). The mean closing
pressure in the FH and VF location was found to be 7.2 mbar and
17.1 mbar, respectively. The corresponding ranges of values were
4.9 mbar and 11.1 mbar.

The mean kNimble
0:5mm was found to be 14.42 mbar mm= 1 and 34.16 mbar mm= 1

in the FH and VF location, respectively, with corresponding ranges
of 9.758 mbar mm= 1 and 22.21 mbar mm= 1.
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Figure 3.12: Summary of measurements performed with a Nimble suction
probe with probe opening of d2 = 6 mm and elevation height h2 = 0:5 mm.
n = 3 observers for each location in each volunteer. Sub�gure c: Cor-
responding measurements with probe elevation h1 = 1mm added for
comparison. Data are mean � SD (n = 3). The di�erence between the
two locations was statistically tested with a two-sided t-test. ns: p > 0:05;
p < 0:05; �� : p < 0:01; � � � : p < 0:001; � � �� : p < 0:0001.

3.8.1 | Inter- and intra-rater reliability

The values for the inter-rater reliability has been summarized in
table 3.4. The ICC(2,1) values were calculated as 0.64 and 0.94,
corresponding to ratings of acceptable and excellent, respectively.
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The ICC(2,k) were both rated as excellent, with corresponding values
of 0.84 and 0.98.

Table 3.4: Inter-rater reliability obtained for measurements with Nimble
suction probe with h2 = 0:5 mm

Location Nimble (h2 = 0:5 mm)

ICC(2,1) FH 0.64
VF 0.94

ICC(2,k) FH 0.84
VF 0.94

The average ICC(2,1) values for intra-rater reliability was 0.52 and
0.85 for the FH and VF location, respectively, corresponding to
ratings of acceptable and excellent (see table 3.5).

Table 3.5: Intra-rater reliability obtained for measurements with Nimble
suction probe with h2 = 0:5 mm

Location p0:5mm
cl

ICC(2,1) FH 0.52
VF 0.85

3.9 Results Cutometer

The results have been summarized in �g. 3.13. Assessed using the
uncorrected elevation R0, statistical di�erences were found in three
out of �ve volunteers. The mean in the FH and VF location was
found to be 0.54 mm and 0.74 mm, respectively, with corresponding
ranges of 0.21 mm and 0.40 mm.

With R0corr , the mean values for the FH and VF location was found
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to be 1.13 mm and 1.04 mm, respectively, with ranges of 0.31 mm
and 0.33 mm. Signi�cant di�erences were reported in three out of
�ve volunteers.

With kR 0, mean values of 203.1 mbar mm= 1 and 142.1 mbar mm= 1

were reported for the FH and VF location, respectively. The corre-
sponding ranges were found to be 90.2 mbar mm= 1 and 76.5 mbar mm= 1.

Ultimately, with kR 0
corr , the mean values in the FH and VF location

were found to be 90.4 mbar mm= 1 and 97.8 mbar mm= 1, respectively,
with ranges of 25.0 mbar mm= 1 and 31.6 mbar mm= 1. Overall, the
apparent sti�ness values reported with the Cutometer were larger
than those reported with the Nimble.
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Figure 3.13: summary of measurements performed with the Cutometer
with probe opening of d = 6 mm with a maximum applied pressure of
100 mbar. n = 3 observers for each location in each volunteer. Data
are mean � SD (n = 3). The di�erence between the two locations was
statistically tested with a two-sided t-test. ns: p > 0:05; p < 0:05; �� :
p < 0:01; � � � : p < 0:001; � � �� : p < 0:0001.

3.9.1 | Inter- and intra-rater reliabiltiy

The values for the inter-rater reliability have been summarized in
table 3.6. Overall, the reliability was found to increase for the
corrected measures R0corr and kR 0

corr .
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Table 3.6: Overview of inter-rater reliability values resulting from mea-
surements with the Cutometer suction device.

Location R0 R0corr kR 0 kR 0
corr

ICC(2,1) FH 0.36 0.85 0.58 0.85
VF 0.68 0.82 0.75 0.83

ICC(2,k) FH 0.63 0.94 0.8 0.94
VF 0.87 0.93 0.9 0.94

The values for the intra-rater reliability have been summarized in
table 3.7.

Table 3.7: Overview of intra-rater reliability values resulting from mea-
surements with the Cutometer suction device.

Location R0 R0corr kR 0 kR 0
corr

ICC(2,1) FH 0.30 0.70 0.32 0.66
VF 0.70 0.65 0.81 0.70

3.9.2 | Intra-location correlation

The intra-location correlation between the di�erent measurement
principles was assessed through the Pearson correlation coe�cient.
The corresponding results and p-values are shown in �g. 3.14.
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Figure 3.14: Intra-location correlation coe�cients and corresponding
p-values in each location for each combination of measurement techniques.
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Chapter 4

AFM based characterization
of murine excisional wounds

This chapter contains a preprint of the journal article "Characteriza-
tion of Murine Excisional Wounds Based on Atomic Force Microscopy
Indentation" (in preparation).

In this chapter, the mechanical properties of murine excisional wounds
are investigated on the local length-scale using AFM-based inden-
tation. The present work was motivated by con
icting �ndings in
previous work on the mechanical behavior of wounds. Whereas the
deformability of wounds have been documented to be substantially
lower than the corresponding healthy tissue on the tissue length-
scales, studies on the local length-scale have reported a signi�cant
decrease in apparent sti�ness when comparing the newly formed
granulation tissue with the healthy dermis.

To this end, wounds from two di�erent time points during the early
remodelling phase were considered for analysis, thus providing an
opportunity to monitor the maturation of the tissue. By dividing
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the cross-section of the wound bed into compartments based upon
the adjacent healthy tissue layers, the spatial variation of tissue
properties could be assessed. In line with previous �ndings, the
apparent sti�ness of the granulation tissue regions was found signif-
icantly lower compared to the healthy dermis for wounds early in
the remodelling phase. As a possible explanation to the previously
reported contradictions in literature, the present work identi�ed the
hyperproliferative epithelium, a cellular layer forming during the
early stages of wound healing, as a mechanical bridge that shields
the newly forming tissue from excessive deformation.

To assess the relevance of the local topography when comparing
di�erent material regions, a corresponding �nite element model was
employed, allowing to numerically simulate the AFM indentation
experiments. Herein, the comparison of simulations on 
at and
rough surfaces allowed to document the apparent decrease in contact
sti�ness on rough surfaces. Based upon these results, the apparent
sti�nesses obtained for each material region could be corrected for
the in
uence of topography, thus representing the corresponding
apparent sti�ness obtained on 
at substrates. A bi-phasic poroelastic
constitutive model was used for inverse analysis, highlighting the
relevance of 
uid mobility and compressibility in the response to
AFM indentation.

The preparation of animal tissue was conducted in collaboration with
Dr. Mateusz Wietecha and Dr. Paul Hiebert (Institute of Molecular
Health Sciences, ETH Zurich).
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4.1 Introduction

Wound healing is a complex process which receives considerable
attention in research due to the burden it places on the health care
system, which is only expected to increase as the underlying critical
conditions such as age, diabetes and obesity are becoming more
prevalent in the population [172, 173].

Upon wounding, a highly complex interplay of biological and mechan-
ical cues is initiated [174]. In an adult mammalian, the remodelled
tissue exhibit scar-like properties due to an over-deposition of colla-
gen [175]. In contrast, embryonic wounds are known to heal perfectly,
indicating that the regenerative mechanisms needed are impaired
with age [176].

Typically, the time course of a healing wound is divided into three
distinct, although overlapping, phases: In
ammation, new tissue for-
mation and remodeling. The in
ammatory phase starts immediately
after wounding, in which a �brin-rich platelet plug is established, pre-
venting any further blood loss and limits the in�ltration of unwanted
organisms [94, 95]. The �brin-rich matrix also serves as a sca�old
for the cells that migrate into the wound bed. Some of the �rst
cells migrate into the wound bed are neutrophils and macrophages,
which initiate in
ammatory responses and secretion of cytokines
and growth factors, initiating a strong signalling cascade for further
growth [103, 177, 178].

The new tissue formation phase involves the restoration of the cellular
environment within the wound, and the process of regaining the struc-
ture of the tissue is initiated. Herein, the wound is re-epithelialized
by migrating keratinocytes and epithelial cells, which seals the wound
from the external environment [179]. Gradually, the �brin matrix is
degraded by the multitude of cells residing in it and slowly turned
into granulation tissue, which constitutes the primitive matrix that
eventually will mature into the scar ECM [180]. The population of
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�broblast steadily increases, with contributions from both migratory
�broblasts from adjacent tissue regions as well as di�erentiating
macrophages within the wound bed. Initially, the reticular structure
of the granulation tissue consists mainly of collagen type III [181].
As the healing progresses and the mechanical environment of the
ECM changes, the type III collagen will be replaced with type I [182].
Lastly, the remodelling phase aims to restore the native properties of
the tissue, a process that can span several years in an adult human.

An important aspect of wounds is their mechanosensitivity. Typically,
the local mechanical environment promotes di�erentiation of �brob-
lasts into myo�broblasts, cells with a strong contractile behavior
due to secretion of �SMA-positive stress �bers [15]. The change in
local stimuli leads to a positive feedback loop of �brotic responses,
ultimately resulting in an over-depositioning of collagen [9, 183]. The
deposited collagen shows a strong alignment along the epidermal
plane. The governing mechanisms of �brotic tissue regeneration have
been extensively studied, and it is well-recognized that by controlling
the cellular activity either chemically using inhibitors or mechanically
using controlled boundary conditions, the healing outcome can be
signi�cantly altered [155].

It is well-known that cellular homeostasis is functioning in harmony
with the properties of the surrounding extracellular matrix, regulat-
ing cell behaviors such as proliferation, migration and di�erentiation
[157]. Although it is established that also wounds are mechanosen-
sitive and adapt the cellular response upon mechanical stimuli, the
relation to the local mechanical properties of the ECM remains incom-
pletely understood, and the current literature body on the mechanical
characterization and behavior of wounds remains inconclusive and
inconsistent. It is generally accepted that the macroscopic tissue
properties of the healing wound are inferior to the far-�eld healthy
skin, with lower values for strength and extensibility reported in
literature [111, 112].
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Chao et. al measured the sti�ness of rat wounds from a birds eye
perspective using an air-jet indentation system, wherein a strong
increase in the sti�ness of the wound was reported [113]. On the
contrary, recent �ndings reported a strong decrease in the apparent
sti�ness using AFM indentation [184].

Furthermore, Go�n et. al documented a gradual increase in the
sti�ness of the granulation tissue during the initial healing phases
when measured using AFM indentation [185]. Thereafter, Grant et.
al documented an increase in apparent sti�ness due to scarring in
the wound bed [186].

By performing uniaxial tensile tests on strips of murine wounds,
Pensal�ni et. al were able to identify stark di�erences in mechanical
behavior between material regions in a wound. Whereas the wound
core was reported to deform considerably less than the far-�eld skin,
the regions adjacent to the wound core were found to be highly
compliant [187].

Recent �ndings by Wietecha et al. reported a reduced compliance
of in vivo murine wounds relative to the adjacent healthy skin, an
e�ect that was further strengthened in mice over-expressing the
cytokine activin in keratinocytes [101]. Furthermore, the compliance
of the wound core was observed to increase as the remodelling
phase progressed, contradicting the general expectation that the
local mechanical properties of the ECM would develop gradually as
the tissue remodels, which would indicate a decreasing compliance
during the healing phase that would converge towards the sti�ness
of scar tissue with time.

In this study, the mechanics of a healing wound are investigated on
the cellular length scale using atomic force microscopy. Using murine
wounds as a model system, wounds from two di�erent time points in
the tissue remodeling phase were analyzed, which allowed to consider
how the apparent sti�ness of the extracellular matrix varies spatially
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and furthermore observe its evolution over time.

Notably, numerous methods exist to extract an apparent sti�ness
from force-indentation curves. The most frequently used method
to characterize soft biological tissues is the Hertzian contact theory,
an analytical framework developed by Hertz in the late 1880s [130].
However, the theory assumes linear elastic material behavior, and
the governing strains are assumed to be small [131]. Furthermore,
the surfaces are assumed to be continuous and non-conforming with
a frictionless interface. Generally, these assumptions do not hold for
soft biological tissues, that can be described as multi-phasic, heteroge-
neous materials with a strongly non-linear stress-strain response [133].
Several extensions of the theory have successfully been proposed in
literature in order to enhance the characterization of such materials
[137]. The present work compliments various classi�cations of the
indentation curves with a dedicated inverse analysis implementing a
bi-phasic poroelastic constitutive model.

It is well-known that the contact sti�ness of a rough surface di�ers
signi�cantly from a 
at surface [188]. However, the e�ect of surface
topography is often overlooked in material characterization of soft
biological tissue using indentation. To rationalize the e�ect of this
phenomenon, a �nite element model is used in correspondence with
topographic images obtained in the AFM. An initial parametric study
is conducted to investigate the relevance of di�erent parameters.
Thereafter, three-dimensional simulations are performed, and the
in
uence of topography on the assessment of the apparent sti�ness is
evaluated. Ultimately, this information is used to conduct an inverse
analysis for the poroelastic model parameters, where the in
uence
from topography is removed, representing the material regions as
they would have been perceived on a 
at substrate.
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4.2 Methods

4.2.1 | Tissue preparation

12 weeks old WT male C57BL/6 mice were used for the wound
healing experiments. Mouse skin wound were obtained from mice of
a study, which had been approved by the local veterinary authorities
(Kantonales Veterin�aramt Z�urich). The animals were anesthezised
by intraperitoneal injection of ketamine/xylazine (100 mg ketamine
/ 5{10 mg xylazine per kg body weight). After shaving, four full-
thickness wound were generated on each animal using a D = 5 mm
biopsy punch, two on each side of the dorsal midline. After healing
for 7 days and 14 days, respectively, the animals were sacri�ced by
CO2 inhalation. Two animals were prepared for each post-wounding
day.

After excision, the tissue was submerged in OCT medium and snap-
frozen in liquid nitrogen. Tissue sections of 50 µm were then prepared
in a cryotome before storage at � 80 �C until the day of the AFM
experiment. The tissue sections were then allowed to thaw at room
temperature and rinsed thoroughly in �ltered PBS 1 Ö to dissolve
the OCT medium. Sections used for topographical imaging were
�xed in 4 % PFA in 1� PBS for 20 min before thorough 
ushing in
1� PBS. The sections used for imaging were allowed to air dry for
minimum 1 h before imaging.

4.2.2 | Atomic force microscopy

4.2.2.1 | Indentation tests

The nanoindentation experiments were done with a FlexAFM atomic
force microscope (Nanosurf, Liestal, Switzerland) mounted on an
inverted light microscope (Eclipse Ti-E, Nikon, Tokyo, Japan). A
cantilever with a nominal bending sti�ness of 0.1 N m= 1 with a borosil-
icate glass sphere with a radius of R = 5 µm attached to the tip
was used (CP-qp-cont-BSG-B-5, Nanosensors, Neuchâtel, Switzer-
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land). The cantilever spring constant was determined in air using
the Sader method as implemented in the AFM control software
(C3000, Nanosurf, Liestal, Switzerland). After submersion in PBS,
the de
ection sensitivity of the system was calibrated by indenting a
glass cover slip. All indentation measurements on murine tissue were
performed in submerged conditions (PBS) at room temperature.

Three independent wounds were considered for each time point, two
of which was from the same animal. Distinct material regions were
identi�ed by visual inspection of the cross section under the light
microscope (see �g. 4.1a-b). Due to the homogeneous appearance of
the granulation tissue in the wound bed in the early stage wounds at
day 7 post-wounding, the granulation tissue region was subdivided
into three subdomains according to the bounding healthy tissue
layers: The dermal wound region bounding the healthy dermis; the
hypodermal wound bounding the healthy hypodermis; and the fascia
wound region which bounded the panniculus carnosus and healthy
fascia layer.
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a Day 7

b Day 14

Figure 4.1: Overview of cross-sections of murine wounds at day 7 (sub-
�gure a) and day 14 (sub�gure b). Left side: Image from light-microscope
used for identi�cation of material regions. Right side: Identi�ed material
regions highlighted. ed: epidermis; dermis: healthy dermis; hd: hypoder-
mis; pc: panniculus carnosus; hf: healthy fascia; he: hyperproliferative
epithelium; dw: dermal wound; hdw; hypodermal wound; fw: fascia wound.
Scale bars: 500 µm.

Within each material region, force vs indentation depth, i.e. F � �
curves were sampled with an indentation speed _� = 1 µm s�1 with a
minimum distance of 10 µm between each indentation and a maximum
force of 3 nN.
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4.2.2.2 | Contact mode imaging

Topographical images were obtained in air in contact mode using
a cantilever with a nominal bending sti�ness of 0.06 N m= 1 and
a tip radius of 10 nm (qp-BioAC 80 µm, Nanosensors, Neuchâtel,
Switzerland). Three images with a size of 10 µm � 10 µm, 512 � 512
pixels with a 10 % overscan were obtained for each material region
with a scan rate of 1 Hz and a set force of 100 pN. All images
were corrected for tilt with a �rst order plane function using the
open-source software Gwyddion (version 2.65, Gwyddion) [189]. The
root mean square (RMS) deviation from the mean plane was then
calculated, and the average RMS for each region was subsequently
used as a descriptor of surface roughness for each corresponding
region in the computational analysis.

4.2.3 | Data analysis

The raw data from the AFM experiments were exported to Python
for analysis. As a �rst step, the F � � curves were represented with
the function g which consider the in
uence of an initial force and a
linear baseline:

g(F0; k1; �c; �; �) = F0 + k1 � (� � �0) + � � j� � �cj3=2 � h� � �ci (4.1)

where F0, k1, �c, �, � and �0 represent the initial force, the base-
line slope, the estimated contact point, the coe�cient of the power
law, the experimental indentation depth and the initial indentation
depth, respectively. The experimental force data was then corrected
according to:

F corr
i = Fi � (F0 + k1 � (�i � �0)) (4.2)

The apparent modulus Eapp was estimated using the Hertz theory
for contact between a rigid sphere and an in�nite elastic half-space.
From the estimated contact point, i.e. �c in eq. (4.1), a maximum
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indentation of 10 % of the sphere radius (500 nm) was considered for
the �tting procedure. The relationship between the force F acting
on the indenting sphere and apparent modulus Eapp is given as [131]:

F =
4
3
Eapp

1 � �2R
1
2 �

3
2 (4.3)

where � and R represent the Poisson’s ratio of the material and the
radius of the indenting sphere, respectively. Ultimately, curves with
a coe�cient of determination r2 below 0.9 in the contact regime were
discarded. Notably, the Hertz theory assumes linear elastic material
behavior, and the governing strains are assumed to be small. A
value of � = 0:5 was used in the present study in line with common
assumptions in literature.

In addition to the Hertz’ �t, other sti�ness measures were extracted
from the data, see �g. 4.2. The best �t slope k2

1 of a �rst order
polynomial was identi�ed on the interval of forces F 2 [1 nN; 2 nN].
In addition. the inverse of the work done during each indentation up
to a maximum force of 2 nN was used as an estimator of apparent
sti�ness. In each baseline corrected force-indentation curve the work
was calculated by performing a trapezoidal integration.
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Figure 4.2: Overview of experimental protocol and data analysis. Sub�g-
ure a: Overview of AFM-based indentation. Position sensitive diode (PSD)
indicated. Sub�gure b-d: Calculation of Eapp , k2

1 and W2 is indicated.

4.2.3.1 | Statistical analysis

The statistical analysis was performed in GraphPad Prism (version
10.2.3, GraphPad Software, Boston, Massachusetts USA). Within
each wound, each material region was compared to the healthy dermis
and the hyperproliferative epithelium using a Dunn’s test subsequent
to a Kruskal-Wallis test. The statistical signi�cance level was set to
0.05.

Ultimately, the mean of the median from each animal was used to
assess the sti�ness on a population basis. Within each material
region, the mean from day 7 and day 14 were compared with a t-test.
The coe�cient of quartile variation (CQV) was used to assess and
compare the relative dispersion in computational and experimental
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data. The CQV is de�ned as:

CQV =
(Q3 � Q1)=2
(Q3 +Q1)=2

(4.4)

where Q3 and Q1 represent the 75th and 25th quantile, respectively
[190]. Thus, the CQV indicates how large the spread ((Q3 � Q1)=2)
is relative to the mean of Q3 and Q1 ((Q3 +Q1)=2).

4.2.4 | Computational analysis

4.2.4.1 | Constitutive model

An extended biphasic poroelastic model previously implemented in
the group was used to describe the mechanical behaviour, adapted
from Ehlers et. al., later applied to several di�erent types of biological
tissues [115, 117, 123, 146]. Herein, a solid and 
uid phase are consid-
ered, where the solid volume fraction in the reference con�guration
is denoted �ref

S .

The solid part of the mixture was described using a neo-Hookean
strain energy potential and was supplemented by an additional term
	osm , accounting for chemical energy [145]:

	 = 	S(C) + 	osm (J) (4.5)

where
	S(C) =

c
2

�
(tr(C) � 3) +

1
m

(J�2m � 1)
�

(4.6)

where the dependency on �ref
S have been lumped into c = �ref

S ~c,
where ~c represents the constant shear modulus of a mono-phasic
solid. Furthermore, m is a unitless parameter that controls the
compressibility in the material, which based upon previous model
implementations was set to m = 0:9 in the present study [115].
C = FT F is the right Cauchy Green deformation tensor. 	osm (J) is
the strain energy density associated with the osmotic pressure that
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arises due to di�erences in charge densities between the material and
external bath. By assuming that the �xed charges co-deform with
the solid phase, the density of �xed charges can be described as a
function of the volumetric changes through J , i.e. the determinant
of the deformation gradient F [146]:

cfc (J) = cref
fc

1 � �ref
S

J � �ref
S

(4.7)

where cref
fc represents the density of �xed charges in the reference

con�guration. The formulation used for the osmotic pressure term
was proposed in [146] as:

��(J) = �
@	osm

@J
= Rg�

� q
cfc (J)2 + 4c2

ext � 2cext

�
� �0 (4.8)

where Rg is the ideal gas constant, � is the absolute temperature,
cext represents the density of �xed charges in the external bath, and
�0 is the osmotic pressure in the mechanical reference con�guration
(C = I), respectively. The inviscid 
uid phase is charaterized by a
chemical potential �F obtained as the di�erence between the 
uid
hydrostatic pressure and osmotic pressure. The interstitial 
uid 
ow
was modelled as a Darcian 
ow, where the relationship between
the 
uid 
ux q and the gradient of the chemical potential grad�F
connected via the speci�c spatial permeability tensor k [123, 146,
191]:

q = � k grad�F (4.9)

where k = k(J)I is an isotropic tensor where the permeability changes
according to volumetric changes given by [23, 191, 192]:

k(J) = k0

� J � �ref
S

1 � �ref
S

� �
(4.10)

where k0 and � denote the reference permeability and a dimension-
less parameter, respectively. � was set to 2 based upon previous
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model implementations [123]. The present constitutive model does
not include contributions from collagen �bers. This simpli�cation is
justi�ed by previous �ndings, showing that the state of deformation
associated with local indentation primarily induces a reponse of the
ground matrix of soft collageneous tissues, with only marginal en-
gagement of the �bers [115]. The material model was implemented in
COMSOL Multiphysics® (COMSOL Multiphysics® 6.2, COMSOL
AB, Stockholm, Sweden).

4.2.5 | Axisymmetric model for parameter sweep

To investigate the relevance of di�erent material parameters, an
initial parametric study was performed using an axisymmetric model.
The domain was discretized with quadrilateral elements, and the
minimum element size in the near-�eld are was set to R=50 (see
�g. 4.8b).

Quadratic interpolation functions were used for the displacement
�eld, whereas linear interpolation functions were used for the pressure
�eld. The contact condition was enforced using the penalty method.
Furthermore, a contact condition was enforced on the 
uid 
ow,
ensuring no 
ux across the interface between the rigid sphere and
material. An indentation velocity of 1 µm s�1 was used, in line with
the experimental settings.

Based upon experimental values from dermal skin tissue, the reference
value for the solid volume fraction was set to �ref

S = 0:3 [123, 193].
Furthermore, the reference permeability was 0.5 mm4 N= 1 s, in line
with experimental �ndings for skin [194, 195]. The reference �xed
charge density was set equal to 25.4 mmol L= 1 and the external
bath concentration 154 mmol L= 1 [123]. The parameters have been
summarized in table 4.1.
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Table 4.1: Overview of reference values of material parameters used for
the parametric analysis.

Material parameter Reference value

c 1 kPa
cfc 25 mmol/L
cext 154 mmol/L
� 0.5 mm4 N= 1 s
�ref

S 0.3

For the parametric sweep, the �xed charge density, solid volume
fraction, permeability and shear modulus was varied individually. In
addition, two coupled sweeps were performed: 1) the solid volume
fraction and �xed charge density and 2) the shear modulus and �xed
charge density.

4.2.6 | Three-dimensional �nite element model for
simulations of topography

To simulate the e�ect of topography, a three dimensional model was
used. Initially, the possible contribution from poroelastic e�ects with
the presence of local topography was to be assessed. Preliminary
simulations indicated no noticeable di�erence between the time-
dependent and steady-state bi-phasic solution (see supplementary
�g. 4.14). Ultimately, based upon the substantial computational
cost associated with the required mesh density, the simulations
were performed using linear tetrahedral elements and a steady-state
material formulation for which the adequacy of the mesh density
was veri�ed. Furthermore, the simulations were performed with a
frictionless contact interface using the penalty method, justi�ed by
comparing the corresponding simulations with and without adhesion,
which did not change the resulting sti�ness signi�cantly (p = 0:90)
(see supplementary �g. 4.13). The root mean square (RMS) deviation
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for each region was calculated pixel-wise from the topographic images
obtained with AFM, and the average RMS was used as an estimate
of the region roughness in the computational analysis. A numerical
representation of each region was generated in on a square domain
with a lateral dimension of L = 80 µm [115]. The height z at position
(x; y) was de�ned as:

z(x; y) =
1X

�1

1X

�1

Anm cos(knm � x + �nm ) (4.11)

Herein, Anm and �nm are de�ned as the amplitude and phase shift
corresponding to the wavevector knm , respectively. The wavevector
is de�ned as knm = 2�

L (ne1 + me2), where e1 and e2 represents
the basis vector in the x- and y-direction, respectively. Two factors
introduce randomness to the surface: 1) sampling of the amplitude
Anm and 2) sampling of the phase �nm . The amplitude term Anm
is generated as gnm

(n 2 +m 2 )
= 2 , where gnm is sampled from a zero mean
normal distribution with a standard deviation equal to the RMS of
the respective surface. Secondly, the random phase �mn is sampled
from a uniform distribution on the interval [� �=2; �=2]. The spectral
exponent 
 was set to 1.25. The in�nite series were truncated
symmetrically at N = M = 80. Simulations on topographic surfaces
were performed on sub-patches of the global surface with a lateral
dimension of 15 µm = 3R. A representative example is shown in
�g. 4.9a.

4.3 Results

4.3.1 | Experimental results

The intra-wound results from the indentation experiments are shown
in �g. 4.3, �g. 4.4, �g. 4.5 for day 7 and day 14 (3 wounds for
each time point). Independently of the selected sti�ness measure, at
day 7 the hyperproliferative epithelium shows higher values and the
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di�erent wound regions lower values compared to the healthy dermis.
At day 14, the di�erences are reduced.

The Eapp in the hyperproliferative epithelium at day 7 was found
signi�cantly higher compared to the healthy dermis in two out of
three animals (see �g. 4.3a-c).

At day 14, a signi�cantly larger Eapp in the hyperproliferative epithe-
lium is present in one out of three wounds (see �g. 4.3d-f). When
comparing the dermal wound region to the healthy dermis, di�er-
ences are smaller than at day 7. The same holds for the regions
hypodermal wound and fascia wounds, where either a non-signi�cant
or signi�cant reduction relative to the healthy dermis was observed.
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Figure 4.3: Overview of Eapp in di�erent material regions in independent
wounds. Designation of material regions: dermis: healthy dermis; he:
hyperproliferative epithelium; dw: dermal wound; hdw: hypodermal
wound; fw: fascia wound. Sub�gure a-c: Wounds from post-wounding
day 7. Note: The vertical axis is logaritmic. Sub�gure d-f: Wounds from
post-wounding day 14. Note: The vertical axis is logaritmic. The median
in each region has been indicated with a line.
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The fold change of the median in each material region relative to
the healthy dermis has been summarized in �g. 4.6a. At day 7, the
mean fold change of the hyperproliferative epithelium with respect
to the healthy dermis was found to be about 3. The corresponding
values for the granulation tissue regions were in the range of 0.42
to 0.45. At day 14, the mean fold change for the hyperproliferative
epithelium was 1.85. The mean fold change of the dw, hdw and fw
region was 1.12, 0.72 and 0.50, respectively. This clearly indicates a
healing progression.

The intra-wound results analyzed with the k2
1 have been indicated

in �g. 4.4. At day 7, the hyperproliferative epithelium was found
signi�cantly sti�er compared to the dermis in two out of three animals.
The apparent sti�ness in each of the granulation tissue regions was
found signi�cantly lower relative to the dermis in all animals.

At day 14, the apparent sti�ness in the hyperproliferative epithelium
was found signi�cantly higher relative to the dermis in two out
of three animals, compared to one out of three using Eapp . The
di�erences relative to the healthy dermis were reduced compared to
the values at day 7.
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Figure 4.4: Overview of k2
1 apparent sti�ness in di�erent material re-

gions in independent wounds. Designation of material regions: dermis:
healthy dermis; he: hyperproliferative epithelium; dw: dermal wound;
hdw: hypodermal wound; fw: fascia wound. Sub�gure a-c: Wounds from
post-wounding day 7. Note: The vertical axis is logaritmic. Sub�gure d-f:
Wounds from post-wounding day 14. Note: The vertical axis is logaritmic.
The median in each region has been indicated with a line.
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The mean fold change relative to the healthy dermis has been sum-
marized in �g. 4.6b. For the hyperproliferative epithelium, the mean
fold change was found to be � 1.9 and 1.8 for day 7 and day 14,
respectively. At day 7, the granulation tissue regions indicated values
between 0.5 and 0.6. At day 14, the mean fold change for all granu-
lation tissue regions increased relative to the corresponding region
at day 7. The values for dw, hdw and fw were found to be 1.05, 0.8
and 0.63, respectively.

Analyzed with the W�1
2 , the values for the hyperproliferative epithe-

lium was found signi�cantly higher in two out of three animals at
day 7 (see �g. 4.5a-c). In every animal, all granulation tissue regions
indicated signi�cantly lower values.

At day 14, the apparent sti�ness in the hyperproliferative epithelium
was found signi�cantly higher in two out of three animals. For the
granulation tissue regions, di�erences were reduced compared to day
7.
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Figure 4.5: Overview of W � 1
2 in di�erent material regions in independent

wounds. Designation of material regions: dermis: healthy dermis; he:
hyperproliferative epithelium; dw: dermal wound; hdw: hypodermal
wound; fw: fascia wound. Sub�gure a-c: Wounds from post-wounding
day 7. Note: The vertical axis is logaritmic. Sub�gure d-f: Wounds from
post-wounding day 14. Note: The vertical axis is logaritmic. The median
in each region has been indicated with a line.
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Figure 4.6: Summary of mean fold changes for each of the three methods
of analysis. Note: The logarithm of the fold change is indicated. Within
each animal, the median apparent sti�ness in each material region was
normalized against the median apparent sti�ness of the dermis.

The mean fold changes for W�1
2 have been summarized in �g. 4.6c.

The values for the hyperproliferative epithelium at day 7 and day
14 were found to be 2.22 and 1.90, respectively. Furthermore, the
granulation tissue regions at day 7 were in the range between 0.5
and 0.6. The values for dw, hdw and fw at day 14 were 1.07, 0.78
and 0.62, respectively.

By comparing the three methods at day 7, Eapp appears to detect a
larger mean fold change for both the hyperproliferative epithelium
and the granulation tissue regions. k2

1 and W�1
2 indicated similar

values in all regions.

At day 14, Eapp reports a larger fold change in two out of �ve regions
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(hdw and fw). For the remaining regions, the agreement between the
methods is high.

4.3.1.1 | Topography measurements at day 7

By examining the mean RMS from each material region, large dif-
ferences between the groups are observed (see �g. 4.7). In fact, the
healthy dermis was found signi�cantly rougher than all other groups.
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Figure 4.7: Summary of the roughness measurements from contact mode
AFM imaging. Designation of material regions: dermis: healthy dermis;
he: hyperproliferative epithelium; dw: dermal wound; hdw: hypodermal
wound; fw: fascia wound.

4.3.2 | Computational results

As a �rst step towards a FE based inverse analysis, the impact of each
model parameter on Eapp is analyzed. The results are summarized
in �g. 4.8 (for analysis with k2

1 and W�1
2 , see supplementary �g. 4.16

and supplementary �g. 4.17). Overall, it is evident that the shear
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sti�ness c dominates the sensitivity to Eapp . As indicated in �g. 4.8,
the Eapp varied about 20 % as the �xed charge density cfc was
sweeped. Notably, Eapp reached a plateau at 3 kPa, which represents
the incompressible state of the material. As the solid fraction �ref

S
of the material was sweeped, Eapp reached a minimum value of
about 0.47 kPa corresponding to the lowest investigated solid volume
fraction of 0.05. As �ref

S was increased to 0.9, Eapp approached a
maximum value of 8.6 kPa.

The sensitivity to the reference permeability was found to be low,
with a di�erence in Eapp of about 10 % between very low and high
values of permeability, respectively.

To examine a possible coupling between the �xed charge density
and solid fraction, the two parameters were changed concomitantly,
indicating a stronger in
uence of cfc for higher values of �ref

S (see
supplementary �g. 4.12). Furthermore, concomitantly sweeping the
shear sti�ness c and reference �xed charge density cref

fc , no coupling
could be observed.
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Figure 4.8: Summary of results from parametric study using a poroe-
lastic, bi-phasic �nite element model. Sub�gure a: Overview of material
properties relevant for the present constitutive model. Sub�gure b: Repre-
sentative image of indentation simulation. Heatmap indicates �rst principal
stretch. Sub�gure c-f: Resulting Eapp after sweeping over the shear sti�-
ness c, solid volume fraction � ref

S , reference permeability k0 and reference
�xed charge density cfc , respectively. In sub�gure e and f, the horizontal
axis indicate the scaling of the corresponding parameter relative to the
reference value indicated in table 4.1.
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Inverse analysis will assume a 
at geometry. Thus, the in
uence of
topography on the indentation was analyzed next. Using represen-
tative values for the material behavior in each region, a synthetic
AFM measurement was performed based on a model displaying the
observed topography. The constitutive model parameter values used
for each region are summarized in table 4.2. The hyperproliferative
epithelium is because of its tightly packed arrangement and the gen-
erally high water content of cells expected to be incompressible [30,
196]. This was enforced numerically by using a value of cfc = 10.

Due to the limited available knowledge regarding the �xed charge
density of the granulation tissue region, two di�erent values for the
�xed charge density was used, namely cfc =c

ref
fc = 0:1 and cfc =c

ref
fc =

1. However, the di�erent levels of �xed charge density did not a�ect
the in
uence from local topography (see supplementary �g. 4.19).
For brevity, the results obtained with cfc =c

ref
fc = 1 are presented in

the following section. Notably, because of the very similar values of
local topography, the mean of all three granulation tissue regions
was used in the simulations of this particular region. The values for
the shear sti�ness c were chosen as 0.66 kPa, 0.33 kPa and 0.166 kPa
for the hyperproliferative epithelium, dermis and granulation tissue,
respectively. The chosen values were found to be in acceptable
agreement with the experimental results, as the resulting apparent
moduli were within the range of the experimentally observed values
for each region.

The results are summarized in �g. 4.9.
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Table 4.2: Overview of material parameters used for the di�erent material
regions for three-dimensional �nite element simulations with topographic
surfaces.

Material parameter Dermis Hyp. epithelium Granulation tissue

c 0.33 kPa 0.66 kPa 0.166 kPa
cfc 0.25 mmol/L and 25 mmol/L 250 mmol/L 0.25 mmol/L and 25 mmol/L
cext 154 mmol/L 154 mmol/L 154 mmol/L
�ref

S 0.3 0.3 0.3
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Figure 4.9: Overview of results from simulations incorporating local
topography analyzed using using Eapp , k2

1 and W2 . Sub�gure a: Represen-
tative deformed material block with and without local topography. The
heatmap represent the displacements due to contact with sphere (omitted
for clarity). Sub�gure b, c, d: The apparent sti�ness obtained with rep-
resentative material values for each region on corresponding topographic
surfaces. The apparent sti�ness has been normalized to the value obtained
on a 
at surface with equal material parameters. Each point indicates a
single indentation. The method used for the calculation of the apparent
sti�ness has been indicated for each row.
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The CQV values for the experimental and corresponding computation
results are shown in �g. 4.10. Overall, the experimental dispersion
was found considerably larger than the corresponding computational
value. The dispersion of Eapp was consistently larger than than that
of k2

1 and W�1
2 , both for experimental and computational values.
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Figure 4.10: Overview of CQV values from experimental and correspond-
ing computational results.

To indicate the in
uence of topography on the respective descriptors
of apparent sti�ness, the fold change between the apparent sti�ness
obtained on 
at and corresponding rough surfaces was calculated for
each material region (see table 4.3). Evidently, the correction factors
for Eapp is larger compared to the the corresponding factors for k2

1

and W�1
2 , respectively. This points to a stronger interaction with
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the local topography on the apparent sti�ness.

Table 4.3: Correction factors representing the fold change of the apparent
sti�ness obtained on 
at surfaces relative to the median apparent sti�ness
obtained on topographic surfaces.

Material region
Descriptor Dermis Hyp. epithelium GT
Eapp 1.47 1.24 1.10
k2

1 1.15 1.14 1.04
W�1

2 1.19 1.11 1.02

4.3.3 | Inverse analysis for day 7

When examining the numerical results on topographical surfaces,
it is evident that the apparent sti�ness decreases when compared
to simulations on a 
at surface. Based upon the resulting fold
change between the rough and 
at surface, the experimental results
were corrected with corresponding factors. This way, the expected
apparent sti�ness for each region has been estimated for which the
in
uence of topography has been removed.

Using the corrected apparent sti�ness values, an inverse analysis was
performed using the �nite element model presented in section 4.2.5.
By doing so, a corresponding value for the shear sti�ness c could
be estimated. The results are shown in �g. 4.11 (see supplementary
�g. 4.18 for the corresponding results with k2

1 and W�1
2 ). With

values of 0.81 kPa and 0.35 kPa, respectively, the fold change between
the hyperproliferative epithelium and was found to be about 2.3.
Furthermore, the fold change in the granulation tissue regions was
found to be 0.29 (c = 0:10 kPa) and 0.26 (c = 0:09 kPa), respectively.
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Figure 4.11: Calculated values for the corrected shear sti�ness c for each
material region at day 7. Sub�gure a: Overview of results. Sub�gure b:
Tabular form of results with the scaling of �xed charge density indicated
for each region. The remaining material parameters were are summarized
in table 4.1.

4.4 Discussion

The present study aimed to contribute to an improved understand-
ing of observations of the mechanical behavior of healing wounds.
Cross sections of murine excisional wounds were investigated using
atomic force microscopy, and the results revealed thus far unreported
spatial and temporal evolution of the local mechanical properties
of the regenerating tissue in the wound bed. The spatial division
of the wound bed into subdomains indicated a signi�cant variation
of material properties not only relative to the surrounding healthy
tissue, but also between adjacent regions in the wound bed itself.
The hyperproliferative epithelium, a cellular layer that is assembled
as part of the healing process, was found to be signi�cantly sti�er
than both the underlying granulation tissue and the healthy dermis
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in the majority of the wounds considered. Notably, the hyperprolifer-
ative epithelium increases its thickness drastically during the initial,
critical phases of wound healing where the underlying granulation
tissue are expected to have inferior capabilities to resist mechanical
load. Therefore, the present results could potentially provide an
explanation to the previously reported observations. Previous assess-
ments of the mechanical behavior of wounds on the tissue length-scale
indicated a lower deformability of the wound core [187]. Furthermore,
local indentation tests performed on granulation tissue of healing
wounds indicated an increase in the apparent sti�ness as the healing
progressed [185]. However, collagen quanti�cation of the newly form-
ing tissue have indicated a majority of immature collagen during the
initial phases of wound healing, not supporting the observed lower
deformability of the wound [101]. Thus, the consideration of the
apparent sti�ness of the hyperproliferative epithelium might resolve
the previously reported inconsistencies.

At day 7, the apparent sti�ness of the granulation tissue regions was
consistently found to be signi�cantly lower than both the healthy
dermis and hyperproliferative epithelium. When considering the
wounds at day 14, the di�erences were strongly reduced, in particular
for the dermal wound region. Thus, the present work has documented
that the local mechanical properties of the wound bed is expected to
be comparable to the native tissue early in the remodelling phase.
This is in line with previous �ndings that reported an increase in
the in vivo deformability of wounds as the healing progressed [101].
This could potentially be explained by the decreased thickness of the
hyperproliferative epithelium as the collagen network matures from
a predominant type III in the earlier phases into type I, enhancing
the load-bearing capabilities.

Multi-photon images of stretched murine excisional wound reported
by Pensal�ni et. al indicated a strongly coiled and unengaged �brous
architecture of day 7 wounds in wounds of comparable size used
in the present study [187]. Interestingly, the network remained
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unengaged even at physiological and super-physiological stretches.
These �ndings support that the newly forming granulation tissue is
mechanically shielded during the initial phases of wound healing.

Overall, the three methods for calculating an apparent sti�ness
showed comparable capabilities of detecting di�erences between ma-
terial regions. In particular, the dispersion in Eapp was found con-
sistently larger compared to k2

1 and W�1
2 . Furthermore, Eapp was

found to be considerably more a�ected by the presence of topogra-
phy, evident from the overall larger correction factors for all material
regions.

The results were analyzed using an extended bi-phasic �nite element
model. The e�ect of surface topography was included in the compu-
tational model, which provided a partial explanation of the scatter of
the experimental data. Although the computational model utilizes a
multi-phasic description, it does not account for material heterogeni-
ties, which are expected to be present due to the �brous architecture
of the extracellular matrix. Interestingly, the experimental results in
the granulation tissue region shows a similar dispersion compared to
the healthy dermis, although the topography of the former was found
to be signi�cantly smaller than the latter. This could indicate that
the newly forming tissue shows a stronger degree of heterogeneity.
This is supported by the numerical results from the granulation
tissue region, which indicated a smaller dispersion associated with
topography compared to the corresponding experimental results.

The computational results herein highlights the importance of in-
corporating the multi-phasic nature in the characterization of soft
biological tissues. The initial parametric sweep con�rmed that the
compressibility of the material depends on the volume fraction of the
solid phase and the density of �xed charges. Furthermore, the shear
sti�ness and solid volume fraction was reported to have a strong
in
uence on the apparent sti�ness. In line with previous �ndings,
the permeability was found to have little in
uence on the apparent
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sti�ness of the material, which ultimately indicates a small contri-
bution from time-dependent e�ects for indentation rates that are
experimentally feasible (see supplementary �g. 4.15).

Viewed in light of the common assumption of incompressibility, it
becomes evident that the interpretation of force-indentation curves
becomes non-unique, as a wide range of di�erent parameter combi-
nations would yield the same apparent sti�ness. Put together, the
topographical measurements and multi-phasic nature of collagenous
tissue highlight the need for multi-modal experiments and knowl-
edge about the microstructural composition of the material to avoid
erroneous conclusions.

4.4.1 | Limitations

While the present study found signi�cant di�erences between material
groups, the statistical power and robustness remains limited with
only three animals per group.

To better monitor the temporal evolution of mechanical properties,
wounds at several points need to be included. In this study, all
wounds at day 7 post-wounding were all completely re-epithelialized
and had shedded o� the scab. Histological images from previous
works indicate the presence of scab up until and including day 5 in
comparable wounds, which is expected to dominate the mechanical
response of the wound from a structural viewpoint [101]. With the
present animal model, later time points are not feasible to investigate
due to the very small size of the wound, which is mainly driven by
contraction. As an alternative, the wounds could be grafted, which
limits the contraction.

Because of the limited thickness of the hyperproliferative epithelium
with a relatively large probe size, the spatial resolution remains
limited, and reliable measurements on the healthy epidermis were not
feasible. Future studies could engage smaller probe radii to increase
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the resolution and potentially investigate gradients in the apparent
sti�ness in the layers considered.

4.5 Conclusion

In this study, murine excisional wounds were investigated on the
local length-scale using AFM-based measurements.

Compared to the healthy dermis, the apparent sti�ness of the gran-
ulation tissue regions was found signi�cantly lower. In relation to
previous work on murine wounds, the hyperproliferative epithelium
was identi�ed as a potentially strong contributor to the structural
integrity of wounds at during the initial stages of the remodelling
phase.

The in
uence of local topography was assessed by performing contact
mode imaging, from which the topographic information was imple-
mented in a bi-phasic poroelastic �nite element model. Ultimately,
the experimental values was corrected for the in
uence of topography,
which indicated that the interpretation of indentation data should
be done cautiously when comparing data obtained from areas with
large di�erences in local roughness.

Three methods of analysis were compared. Eapp was found more
sensitive to local topography and indicated a higher scatter in the data
compared to k2

1 and W�1
2 . This was evident in both experimental

and numerical data.
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4.7 Supplementary material

4.7.1 | Concomitant sweeping of material parame-
ters
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Figure 4.12: Overview of results from concomitant sweeping of material
parameters. Sub�gure a: Resulting Eapp after sweeping over the �xed
charged density and solid fraction. The lines indicate Eapp as a function of
solid fraction, keeping the �xed charge density �xed. The legend indicates
the scaling of the �xed charge density from the reference 25 mmol L= 1 .
Sub�gure b: Resulting Eapp from sweeping over the shear sti�ness and
�xed charge density of the material. Density of �xed charge density
indicated as in sub�gure a.
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4.7.2 | Relevance of adhesion in numerical simula-
tions
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Figure 4.13: Results from �nite element simulations on topographic
surfaces with and without adhesion, respectively.
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4.7.3 | Contribution from poroelastic e�ects

0.0 0.1 0.2 0.3
0.00

0.25

0.50

0.75

1.00

Indentation depth [um]

F
or

ce
[n

N
]

PE

SS

Figure 4.14: Comparison of F � � -curves from simulations on a rough
surface using a steady-state (SS) and poroelastic (PE) model formulation.

4.7.4 | In
uence from permeability
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4.7.5 | Parametric sweep analyzed with k2
1
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Figure 4.16: Summary of results from parametric study analyzed with k2
1 .

Sub�gure a-d: Resulting k2
1 after sweeping over the shear sti�ness c, solid

volume fraction � ref
S , reference �xed charge density cref

fc and reference
permeability k0 , respectively. In sub�gure c and d, the horizontal axis
indicate the scaling of the corresponding parameter relative to the reference
value indicated in table 4.1. Sub�gure e: Resulting k2

1 after sweeping over
the �xed charged density and solid fraction concomitantly. The lines
indicate k2

1 as a function of solid fraction, keeping the �xed charge density
�xed. The legend indicates the scaling of the �xed charge density from the
reference 25 mmol L= 1 . Sub�gure f: Resulting k2

1 from sweeping over the
shear sti�ness c and the reference �xed charge density cref

fc concomitantly.
Density of �xed charge density indicated as in sub�gure e.
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4.7.6 | Parametric sweep analyzed with W�1
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Figure 4.17: Summary of results from parametric study analyzed with
W � 1

2 . Sub�gure a-d: Resulting W � 1
2 after sweeping over the shear sti�ness

c, solid volume fraction � ref
S , reference �xed charge density cref

fc and
reference permeability k0 , respectively. In sub�gure c and d, the horizontal
axis indicate the scaling of the corresponding parameter relative to the
reference value indicated in table 4.1. Sub�gure e: Resulting W � 1

2 after
sweeping over the �xed charged density and solid fraction concomitantly.
The lines indicate W � 1

2 as a function of solid fraction, keeping the �xed
charge density �xed. The legend indicates the scaling of the �xed charge
density from the reference 25 mmol L= 1 . Sub�gure f: Resulting W � 1

2

from sweeping over the shear sti�ness c and the reference �xed charge
density cref

fc concomitantly. Density of �xed charge density indicated as in
sub�gure e.
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4.7.7 | Inverse analysis for k2
1 and W�1

2

a Inverse analysis k1
2 b Inverse analysis W2
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4.7.8 | In
uence of �xed charge density on apparent
sti�ness on topographic surfaces
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Figure 4.19: In
uence of the reference �xed charge density on the apparent
sti�ness obtained on topographic surfaces.
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Chapter 5

Local characterization of age-
ing murine skin with AFM

This chapter contains material from the article "Biomechanical and
Biochemical Changes in Murine Skin During Development and Ag-
ing", Acta Biomaterialia, by Martyts A. , Sachs D., Hiebert P., Junker
H.J, Robmann S., Hopf R., Brinckmann J., Werner S., Giampietro
C. and Mazza E. [83].

In this work, skin samples from baby, adult and old mice were
investigated on the local length-scale with AFM indentation tests.
The apparent sti�ness of baby mice was found to be signi�cantly lower
than corresponding values from adult animals. When comparing the
apparent sti�ness of adult and old animals, di�erences were smaller.

Ultimately, the measurements are compared with corresponding
uniaxial tension experiments on the tissue length-scale.
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5 Local characterization of ageing murine skin with AFM

5.1 Introduction

Although the age-related changes of skin biomechanics have been
studied extensively over the last decades, the mechanisms behind how
the structural properties of skin change with age remain incompletely
understood.

Overall, the current literature body on ageing of human skin remains
inconclusive and often even contradicting, which can be devoted
to the large variability in lifestyles and degree of extrinsic ageing
in combination with the di�culty in acquiring su�cient number of
samples that are necessary to draw meaningful conclusions. The
alternative is non-invasive studies, which often limits the amount of
useful data that can be evaluated.

Furthermore, an often overlooked aspect of skin ageing is the matura-
tion stages that occur at young age. Biologically, very young skin is
known to exhibit stark di�erences to adult skin. The barrier function
of very young skin is known to be altered, showing higher permeabil-
ity compared to adult skin [197, 198]. Furthermore, the capability
of healing skin wounds has been found to change considerably with
age [199]. Nevertheless, how those di�erences are re
ected in the
mechanical behavior remains incompletely understood.

In the present chapter, the e�ect of intrinsic ageing on the local
mechanical properties of murine skin is assessed using AFM-based
indentation tests. Skin from very young (1 week), adult (10 weeks)
and very old (20 months) mice were considered for analysis.

5.2 Methods

5.2.1 | Tissue preparation

For a detailed description of the animal handling and tissue prepa-
ration, the reader is referred to the full manuscript [83]. In brief,
animals were housed according to Swiss federal and cantonal guide-
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lines. Mice of 1 week (1w), 10 weeks (10w) and 20 months (20m) age
were considered in the present study. Due to animal availability, two
di�erent mouse strains were considered: The 1w mice were compared
with corresponding 10w old mice of type 50 % C57/BL6 and 50 %
FVB background, containing the Col1a2Cre transgene, whereas 10w
old 100 % C57/BL6 were compared with corresponding mice of age
20m. After excision of the dorsal skin, strips of skin were submerged
in OCT medium and snap-frozen in liquid nitrogen. Tissue sections
of between 30 µm and 50 µm were prepared in a cryotome and stored
in =80 °C. On the day of the experiment, the respective slides were
allowed to thaw in 1 Ö PBS for minimum 30 min and thereafter
rinsed thoroughly to 
ush o� residual OCT. Ultimately, two animals
per group were considered for nanomechanical investigation.

5.2.2 | Indentation experiments

Experiments were performed with a FlexAFM atomic force micro-
scope (Nanosurf, Liestal, Switzerland) mounted on an inverted light
microscope (Eclipse Ti-E, Nikon, Tokyo, Japan). The cantilever used
had a nominal bending sti�ness of 0.1 N m= 1 (cp-qp-cont-BSG-B-5,
Nanosensors, Neuch�atel, Switzerland) with a borosilicate glass sphere
with a radius of 5 µm attached to the cantilever end. The spring
constant was determined in air using the Sader method using the im-
plementation in the AFM control software (version C3000, Nanosurf,
Liestal, Switzerland). The de
ection sensitivity was determined by
indenting a microscope glass slide after submersing the cantilever in
PBS 1 Ö .

Experiments were performed in PBS 1 Ö . In each sample, the dermal
layers were indented in grids of 50 µm � 50 µm with a distance of
10 µm between each location with an indentation speed of 1 µm s= 1.
A maximum force of 3 nN was used. Minimum three locations were
considered for each animal.

The force-indentation curves were analysed using the Hertzian contact
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5 Local characterization of ageing murine skin with AFM

model. That is, for a linear elastic material, the force F can be related
to the corresponding indentation � through the following expression
assuming a rigid indenter with a radius R:

F =
4
3

E
1 � �2R

1
2 �

3
2 (5.1)

where � represents the Poisson’s ratio of the material. The contact
point �nding algorithm used herein was previously developed in
the group. In brief, the point of contact was assumed to occur
at the point of highest curvature on the force-indentation curve,
represented as the maximum absolute value of the second derivative
of F (�). The determination of the contact point was done with
an algorithm, in which a Gaussian �lter with iteratively decreasing
kernel width was used to smooth the curve, allowing to calculate
the curvature numerically. Ultimately, the most frequent point of
maximum curvature was chosen as the point of contact. Having
determined the contact point, the �t was performed on maximum
10 % of the sphere radius R, corresponding to a maximum indentation
depth considered of 500 nm.

5.2.3 | Statistical analysis

The statistical analysis was performed in GraphPad Prism (version
10.2.3, GraphPad Software, Boston, Massachusetts USA). Due to
the generally non-normal distribution of the data, the median was
used as a descriptor of sti�ness. Within each genotype, both animals
in each age group was individually compared to each animal in the
corresponding group with a Mann-Whitney post-hoc test following a
Kruskal-Wallis test.

5.3 Results

Overall, signi�cant di�erences in the apparent sti�ness was detected
between the di�erent age groups (see �g. 5.1). The apparent sti�ness
in the baby mice was found practically identical with a value of about
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0.35 kPa. The apparent sti�ness in the corresponding adult animals
was 0.95 kPa and 0.89 kPa, respectively. The ratio between the mean
of the medians from the adult to the baby group was found to be 2.62.
The apparent sti�ness in the adult animals was found signi�cantly
sti�er compared to both baby animals.

In the 100 % C57/BL6 group, the median in the adult (10w) animals
was found to be 1.51 kPa and 2.11 kPa, respectively. Furthermore, in
the old (20m) animals, the median in each animal was 1.22 kPa and
2.24 kPa, respectively. The ratio between the mean of medians in
the old animals to the mean of the medians in the adult animals was
found to be 0.96. The apparent sti�ness in one of the old animals
was found signi�cantly lower compared to the adult animals, whereas
the second old animal did not indicate any signi�cant di�erences to
the adult animals.
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Figure 5.1: Overview of experimental results from nanoindentation tests
on aged murine skin tissue with the respective genotypes indicated. The
median apparent sti�ness in each animal is indicated with a solid line.
Note: The vertical axis is using a logaritmic scale.

5.3.1 | Comparison with uniaxial experiments on
the tissue length-scale

In addition to local indentation experiments, uniaxial tension experi-
ments were performed on rectangular samples of skin adjacent to the
tissue collected for indentation experiments. These experiments and
data analysis were carried out by the �rst author of the paper [83].
In brief, 5 mm wide strips were cut for all groups but the 1w. For
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the 1w group, the strips were cut to a width of 2.5 mm due to the
limited animal size. Each sample was then clamped in a custom-built
uniaxial tension system (MTS Systems, Eden Prairie, MN, USA),
actuacted by hydraulic pumps. The force sensors were calibrated
up to 20 N. The initial free length of the sample L0 was 20 mm
for all groups but the 1w, for which an initial length of 10 mm was
used due to the aforementioned size constraints. The experiments
were performed in saline solution (0.9 % NaCl, Sigma) at ambient
temperature.

The samples were subjected to a strain rate of 0.05 s= 1 until a physio-
logical force level. During the elongation, the motion of points on the
epidermal side was tracked from a birds-eye perspective using an opti-
cal 
ow algorithm. In order to determine the reference con�guration,
a force threshold of 0.01 N and 0.02 N was used for the 1w group
and remaining groups, respectively. The 
ow tracking algorithm
allowed to quantify the principal stretches �1 and �2. Ultimately,
the nominal tension in the sample was de�ned as T = P

w0
, where

P and w0 represent the measured force and nominal width of the
sample, respectively. Note that the initial tension in the reference
con�guration has been subtracted from the current value of T .

The results have been summarized in �g. 5.2. By examining the
tangent modulus in the reference con�guration, a fold change of
about 5 Ö can be observed between the corresponding adult and
baby mice, respectively. Furthermore, the fold change between the
corresponding old and adult animals was found to be 0.9.

By comparing the mean of the maximum tangential sti�ness, the
fold change between the adult and baby mice is found to increase
to more than 20. Furthermore, the fold change between the old and
adult mice is reported to decrease to 0.38.

121



5 Local characterization of ageing murine skin with AFM

a Tangent stiffness ref. config. b Maximum tangent stiffness
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Figure 5.2: Overview of experimental results from uniaxial tension tests
on aged murine skin tissue with the respective genotypes indicated.

5.4 Discussion

Whereas intrinsic ageing is notoriously di�cult to assess in human
due to the strong variability of in
uence from extrinsic ageing, the
controlled environment of laboratory animals makes this possible.
In this study, animals from very young, adult and very old mice
were considered for biomechanical characterization. By investigating
the mechanical properties of each animal using nano-indentation
experiments, signi�cant di�erences between the di�erent ages were
detected.

The apparent sti�ness in the baby mice considered herein was found
signi�cantly lower compared to the corresponding adult animals
with the same genotype. This is in line with previously reported
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�ndings on young skin, which is expected to be de�cit of structural
components compared to adult animals [200].

With respect to the adult and old groups, no conclusion could be
drawn with respect to the nanoindentation experiments. When
considering the uniaxial tension experiments on the tissue length-
scale, a similar trend between the groups could be observed in the
reference con�guration. Of note, when comparing the resulting
fold changes from the di�erent experimental modalities, striking
di�erences arise. In the reference con�guration, the fold change
between adult and baby was about 2 Ö as large as in the indentation
experiments. This could point to the fact that the collagen network
is engaged to a larger degree already at small strains under uniaxial
tension.

At large deformation, di�erences between the adult and old group
emerge in the uniaxial experiments. The fold change between the
old and adult group was observed to decrease more than two-fold
compared to the reference con�guration, indicating a di�ering engage-
ment of the collagen network at high strains, given the di�erences in
the fold change between the groups compared.

Previous work has hypothesized that nanoindentation experiments
performed at a comparable length-scale as in the present study en-
gages the collagen network of soft biologcial tissues to a very small
degree [115]. Nevertheless, the present study detected signi�cant dif-
ferences between age groups, which indicates that the microstructural
mechanical properties of skin as a function of age are detectable. Al-
though the deformation dependent mechanics of the collagen network
is assumed to contribute insigni�cantly to the mechanical response,
the morphology and structure of the network is still expected to play
a paramount part of the response reported herein due to its in
uence
on the �xed charge density and poroelastic behavior of the tissue.

In the uniaxial tension experiments, the reference con�guration was
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determined using a force criterion. This could potentially introduce
discrepanices between samples, as the true stretch of each sample
can vary at the designated force value due to slight di�erences in the
clamping distance.

Clearly, a cohort size of two animals per group is small and limits
the statistical power to distinguish di�erences between group. Nev-
ertheless, the present work identi�es structural di�erences between
mice of di�erent age groups down to the local length-scale. In line
with previous studies, the inter- and intra-animal variability in the
present work is substantial, which highlights the need for additional
experiments to draw meaningful conclusions on a population-wide
basis.

Future studies should increase the number of samples to enhance the
statistical power and assess the intra-group variability.

5.5 Conclusion

In the present work, murine skin from animals at di�erent ages was
harvested and investigated on a local length-scale using an AFM. In
particular, the apparent sti�ness of skin skin from baby mice was
found signi�cantly lower than than of corresponding adult animals,
in line with the still developing microstructure in very young animals.
No conclusive trend could be drawn for the comparison of adult and
very old animals.

When comparing the fold changes with corresponding uniaxial ten-
sion experiments on the tissue length-scale, large di�erences were
identi�ed. When comparing the reference con�guration of the uniax-
ial experiments, a similar trend of fold changes between the di�erent
groups could be observed, although the magnitude of fold changes
was considerably larger. At higher strains, the trend between groups
changed considerably, which was devoted to di�erences in the behav-
ior of the collagen structure at di�erent ages.
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Chapter 6

Development of an in vivo stretch-
ing device for investigation of
stretch-dependent response of
murine skin

In this chapter, the development and proof-of-principle of an in
vivo stretching device for murine dorsal skin is presented. The
motivation of the present work was twofold: Firstly, the ability to
apply controlled stretches to murine skin would greatly enhance the
capability of investigating the stretch-dependent behavior of skin in
its native state. From a biological perspective, such a framework
would facilitate the unravelling of the alterations in cellular behavior
due to mechanical stimuli. Such �ndings are of great interest not
only because of the enhanced description of skin in general, but
also of high importance to improve the treatment outcome of related
diseases such as skin �brosis, �brotic scar formation, keloid formation
and many others.
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6 Development of an in vivo stretching device

Secondly, by aiming to preserve the stretched state of the skin during
the typical preparation stages of cryosections, the local mechanical
properties of the tissue could be assessed at di�erent levels of stretch.
In fact, the standard preparation of tissue sections involves the ex-
cision of skin, whereby the tissue contracts. This leads to changes
on the microstructural level, ultimately altering the reference con-
�guration, which is particularly relevant for the assessment of the
mechanical properties.

The work presented herein was conducted in collaboration with Dr.
Jha Baijayanti (Institute of Molecular Health Sciences, ETH Zurich).
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6.1 Introduction

Mechanical cues such as induced tension, hydrostatic pressure and
local tissue sti�ness a�ect skin across multiple length scales, induc-
ing mechanotransductive signalling cascades that regulates tissue
homeostasis [151, 152, 201]. For example, during processes such as
wound healing and tumour growth, the local mechanical environment
is known to strongly drive the cellular behavior [202{205]. However,
also in a healthy homeostasis the ECM is actively remodelled and
regulated by the residing cells [206]. In fact, a healthy ECM is
maintained at a certain level of tension, contributing to the baseline
cell activity [206, 207].

Nanoindentation tests are a widely used method to characterize
the extracellular matrix of soft biological tissues. However, when
compared to standardized experimental methods such as uniaxial
tension, the reported apparent sti�ness reported in literature can vary
up to 6 orders of magnitude [115]. The understanding of the basic
mechanisms that cause this discrepancy remains limited. McKee
argued that the of such indentation tests is at the characteristic
length-scale of each constituent of the multi-phasic tissue, with low
resistance to deformation of the local volume of water around the
indenter [208].

The standard method to prepare biological tissue for indentation test
is the preparation of cryosections that minimizes the local topography
relative to the indenter geometry. However, this procedure leads
to the inevitable loss of residual tension that skin and many other
biological tissues are observed to be under. This phenomenon is an
often overlooked aspect of tissue characterization, which most likely
is due to the lack of techniques available to preserve tissue tension
during the preparation steps.

However, reported residual strains of skin are in the order of 10’s of
percents, which due to the strongly nonlinear mechanical behavior of
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skin is expected to contribute signi�cantly to the tangential sti�ness
of material in its native state. The present work therefore aimed to
develop a stretching device that allowed to both preserve the native
state of tension as well as preserve applied stretches up to AFM
testing of murine skin.

6.2 Experimental protocol and validation

To facilitate the handling of the animal as well as to meet the
requirements of adequate anesthesia during in vivo experiments, the
device was designed to be wearable by the animal, in contrast to
standard engineering solutions for tensile experiments.

For this purpose, a frame with a constrained slot was developed
(see �g. 6.1). Within the outer frame, a slider was constrained to
move only in the longitudinal direction. By engaging with a slotted
pin-mechanism, the slider was constrained to move in designated
increments.

Rotating pins were attached both to the �xed frame and slider
using steel cylinders, allowing rotation about the longitudinal axis
of the frame. The pins facilitates the attachment of the device onto
the animal. The mechanism was designed in Solidworks (version
2020, Dassault Syst�emes SolidWorks Corporation, Waltham, USA).
Ultimately, the device was 3D-printed with a Prusa i3 MK3S+ (Prusa
Research, Prague, Czech Republic) using the thermoplastic polyester
polylactide (PLA).
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a b 

Snap-in mechanism

Rotating pins

20 mm

22.5 mm

c 

Figure 6.1: Overview of stretch device. Sub�gure a: CAD model of device.
Sub�gure b: Stretch device in unstretched and stretched con�guration
viewed from a birds-eye perspective. The distance between the clamps is
indicated, change in snap-in mechanism indicated with black rectangle.
Sub�gure c: Device attached to a mouse back.

The procedure was initiated by placing a 20 mm wide strip of medical
close to the mid-dorsal line of the animal. This was done in order
to stabilize the skin region of interest, thus preserving the reference
con�guration during the following attachment procedure of the device.
Thereafter, double-sided adhesive strips were placed adjacent to the
aforementioned strip. Ultimately, the device was adhered to the
pieces of double sided tape, using the rotatable arms to conform to
the curvature of the animal body. The stretching was then performed
by pulling out the mechanism that locks in place at the correct
distance.
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Preliminary tests were performed on cadavers. Markers were added
to the back skin using a marker before the device was attached as
previously described. The stretching procedure was captured using a
telecentric lens with a �eld of view of 35:2 mm � 26:4 mm (NT55-349,
Edmund Optics, Barrington, USA). The applied stretch was then
determined by calculating the mean stretch of lines between the
reference and stretched con�guration.

a Unstretched b Stretched

Figure 6.2: Mouse back skin in unstretched (sub�gure a) and stretched
con�guration (sub�gure b), respectively. Markers used for calculation of
stretch can be observed.

The line lengths were calculated using the open-source software Fiji
by dragging a line between the center of mass of the respective points
[209]. This process was then repeated in the stretched con�guration,
from which the stretch � = L stretch

L ref
was calculated.

Based upon a desired global stretch of � = 1:1, the travel distance of
the snap-in mechanism was initially set to 2 mm given the distance
between clamps of 20 mm. However, the analysis of actual applied
stretch indicated an underestimation of the expected stretch, with
an average applied stretch of 1.087. Based upon these �ndings, the
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snap-in increment was increased to 2.5 mm, which resulted in a mean
stretch of 1.106 (see �g. 6.3a). Furthermore, to determine the ability
to support long-term stretch experiments, two animals were stretched
for a prolonged time period of 6 hours. The stretch was observed
at the discrete time points 0 hours and after 6 hours. The results
have been summarized in �g. 6.3b. No slippage was observed in one
animal, whereas the stretch in the second animal was found to reduce
with about 1 %.
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Figure 6.3: Overview of stretch levels with a snap-in increment of 2.5 mm.
Sub�gure a: Mean stretch level from four animals. Standard deviation is
indicated. Sub�gure b: Long term stretch of two animals, observed at 0
hours and 6 hours, respectively.

6.3 Animal experiments

The stretching protocol was applied to animals directly after eu-
thanasia. The back skin was thereafter excised with the device still
attached and placed on a sheet of plastic covered in OCT medium.
OCT medium was then added on the epidermal skin side, before the
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entire sheet was placed in liquid nitrogen before storage at � 80 �C.
The same freezing protocol was used to freeze pieces of skin adja-
cent to the stretched region, which was collected to serve as control
samples.

Before preparation of cryosections, the device was detached from the
frozen block, and the excess skin including the adhesive tape pieces
removed from the frozen block using a sharp blade. 50 µm sections
were then prepared and stored in � 80 �C until use.

6.4 Indentation experiments

The indentation tests were performed with a FlexAFM (Nanosurf, Li-
estal, Switzerland) mounted on an inverted light microscope (Eclipse
Ti-E, Nikon, Tokyo, Japan). A cantilever with with a nominal spring
sti�ness of 0.1 N m= 1 was used, with a borosilicate sphere with a
radius of R = 5 µm (cp-qp-cont-BSG-B, Nanosensors, Neuchâtel,
Switzerland) mounted on its tip. The cantilever spring constant was
determined using the Sader method in air. The de
ection sensitivity
and cross-talk compensation was determined adjacent to the tissue
section in PBS 1 Ö . The tissue sections were allowed to thaw for
minimum 30 min in PBS 1 Ö before the experiments. A maximum
force of 3 nN was used.

6.5 Data analysis

The procedure used for calculation of an apparent modulus follows
that of the Hertz �t calculation as presented in chapter 4. In brief, a
maximum of 10 % of the sphere radius was considered for the curve
�tting. Curves with a coe�cient of determination r2 below 0.9 were
discarded.
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6.6 Results

The results from the nanoindentation tests have been summarized
in �g. 6.4. Overall, the apparent sti�ness of the stretched skin was
found signi�cantly sti�er than the control sample in both animals.
In animal 1, the median of the control and stretched was found to be
0.55 kPa and 0.75 kPa, respectively, indicating a fold change of 1.36
between the groups.

Likewise, in animal two, the median of the control and stretched
sample was 0.73 kPa and 1.06 kPa, respectively, resulting in fold
change of 1.45.
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Figure 6.4: Overview of apparent sti�ness on stretched skin samples.
The control control sample used for comparison was harvested adjacent
to the stretched skin. The median apparent sti�ness in each animal is
indicated with a solid line. A Mann-Whitney U-test was used to compare
the control to the stretched con�guration within the same animal.
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6.7 Discussion

In this work, a procedure to investigate the local mechanical prop-
erties of murine skin in a stretched state was developed. Through
the construction of a wearable stretch device, the dorsal skin of mice
could be kept in a stretched state during the preservation steps and
eventual section preparation.

As previously mentioned, the distance increment used to stretch
the tissue was adjusted to achieve the desired applied stretch. The
main contributor to the discrepancy is expected to be 1) the manual
application of double sided adhesive tapes and 2) not fully adhered
tapes in the boundary region at the application site. Clearly, if
the adhesive tape is not engaged at the very boundary, the true
initial length between the pins will increase accordingly, resulting in
a decrease in the applied stretch.

The capability of maintaining the applied stretch in long-term ex-
periments was assessed in two animals. With a maximal reduction
in applied stretch of about 1 %, the device presented is found to be
useable for future long-term in vivo experiments.

6.7.1 | Indentation experiments

Statistical di�erences were detected between the stretched and control
sample in both animals considered herein. The respective increases
in apparent sti�ness was reported to be 1.36 and 1.45 relative to the
corresponding control group. Of note, the control group was allowed
to fully contract before preservation. Therefore, the relative stretch
from the control to the stretched state is expected to be larger than
10 %.

Recent work documented a poor engagement of the collagen network
in the reference con�guration in comparable indentation experiments
to those performed herein [115]. Although the present work did report
signi�cant di�erences, it remains to quantify where the di�erences
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stem from. Based upon the values of apparent sti�ness, it is clear
that the present method is not able to engage with the collagen
�ber network in a similar way as tensile experiments on the tissue
length-scale. This is corroborated by previous work on compressed
collagen gels, whereby indentation experiments were repeated with
sphere sized orders of magnitude apart (R = 3:05 µm vs R = 500 µm),
where both con�gurations indicated apparent sti�nesses in a similar
range [115]. In other words, the drastic increase in indentation
depth did not indicate a larger engagement of the collagen network.
Furthermore, corresponding simulations using a discrete �ber network
model indicated a very weak coupling between the collagen �bers
and ground matrix on the apparent modulus. However, the focus was
on the density of collagen �bers, not necessarily on the activation of
�bers.

Although a similar investigation would be highly relevant for the
present work, the limited thickness of murine dermis does not allow
for such microscale indentation tests. Nevertheless, future work could
potentially look into the coupling by using human skin, whereby
the excisional contraction would have to be monitored in order to
re-stretch the sample after harvesting.

If the present understanding of a weak coupling also holds at higher
levels of stretch and thus activation of �bers, indentation experiments
are expected to lead to a larger number of outliers with high apparent
sti�ness. Furthermore, the apparent sti�ness of the ground matrix is
expected to increase according to the increased �xed charge density
and its dependence on the local volume changes.

The present work has established a framework for future mechanobi-
ological studies on skin. To further enhance the understanding of the
stretch-dependent response of skin, the current con�guration of the
device could be modi�ed to apply a higher global stretch simply by
increasing the snap-in increment. By monitoring the corresponding
morphology of the collagen network, such as its re-orientation at
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higher stretches [210], will be of relevance to enhance the understand-
ing of tissue homeostasis at elevated stretch levels [207].

Furthermore, with the device con�guration used herein, the skin is
allowed to contract laterally as the skin is excised. If it is of interest
to keep the skin in its initial state of biaxial tension, the lateral
contraction would need to be constrained by modifying the design.
Chin et. al were able to document increased epidermal proliferation
and angiogenesis in stretched skin, in line with increased expression
of principal growth factors including EGF and TGF�-1 [211].

In line with previous works, the intra-sample variation is considerable
for such experiments, highlighting the need for su�cient amount of
individual indentation curves per sample. Evidently, the present work
elucidates the inter-sample variation to be expected from biological
samples, considering the statistical di�erence between corresponding
groups in both animals. This corroborates the use of control samples
from the same animal. Although the close proximity of where the
control and stretched tissue was harvested does not motivate any
structural di�erences, future work should verify that the intra-animal
di�erence in apparent sti�ness between the groups indeed is negligible.

6.8 Conclusion

In the present work, a stretch device was developed to investigate
the stretch-dependent mechanical response of murine dorsal skin. By
preserving the stretched state of the skin during the tissue preparation
steps, indentation experiments could be performed with an AFM
on the stretched skin. Relative to the adjacent contracted skin,
signi�cant increases in the apparent sti�ness were found in both
animals considered herein.
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Chapter 7

Conclusions and outlook

7.1 Main contributions

7.1.1 | Characterization of biomedical skin devices

Biomedical skin characterization devices are emerging as promising
tools in the health-care system, enhancing the capabilities of early
disease detection and diagnostics in the clinical setting. Although
a wide range of such devices currently exist, there is currently a
low degree of standardization between di�erent measurement tech-
niques, posing a challenge in objectively comparing values sampled
by di�erent devices.

This topic was addressed in part II, where devices with di�erent
underlying functional principles were compared and rationalized.
Preliminary measurements on synthetic substrates allowed to assess
the capability of each device to detect changes in the apparent sti�-
ness. Whereas the di�erent devices assessed the synthetic substrates
in a comparable manner, in vivo measurements on healthy volunteers
indicated striking di�erences.
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The present work elucidates the confounding role of contact boundary
conditions in the assessment of soft biological tissues. In particular
for the indentation device, it was hypothesized that the in
uence
from the underlying tissue on the contact force masked the ability
to detect local changes in sti�ness between volunteers. Furthermore,
in line with previous work, the use of suction devices that impose
large contact forces introduce pre-deformations of the tissue that
are in the same order of magnitude as the suction height. Although
such e�ects can be handled by applying correction factors as used
herein, the capability of assessing local tissue properties is inevitably
impaired due to the strongly non-linear behavior of skin.

A similar e�ect could be observed during dynamic shearing of the
skin, for which an opposite trend between body locations could be
observed when compared to suction and indentation. Thus, it is
clear the di�erent functional principles assess di�erent aspects of the
underlying tissue properties, leading to di�erent conclusions with
respect to the mechanical behavior. This highlights the need for
inverse analysis as a bridge to explain di�erences in the reported
apparent moduli.

7.1.2 | Local characterization of murine excisional
wounds

In chapter 4, local indentation of cross-sections of murine wounds
revealed large di�erences in the local apparent sti�ness between
di�erent locations in the wound bed. In line with previous �ndings,
a signi�cant reduction in the apparent sti�ness was identi�ed when
comparing the granulation tissue regions to the healthy surrounding
dermis for wounds at earlier time points. Furthermore, the apparent
sti�ness of the hyperproliferative epithelium was found signi�cantly
sti�er both compared to the healthy dermis and granulation tissue
regions. When viewed in context of previous work on the mechanical
behavior of wounds, this �nding elucidates the potential role of the
hyperproliferative epithelium during the early healing phases, as the
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increase in apparent sti�ness in correspondence with an increase
in thickness might provide an explanation to previously reported
inconsistencies with respect to the deformability of wounds.

The thickness of the hyperproliferative epithelium was found to
decrease in correspondence with an increase in the apparent sti�ness
of the granulation tissue regions, in particular the dermal wound
region that over the time course of healing will remodel to the state
of the healthy dermis.

An important aspect of the present work is the evaluation of the
in
uence of local topography on the apparent sti�ness. Topographic
information obtained from contact mode AFM imaging indicated
signi�cant di�erences in the surface roughness when comparing the
di�erent material regions considered within the wound bed. To
evaluate the corresponding in
uence on the apparent sti�ness, the
topographic information from each surface was implemented in a
bi-phasic �nite element model where corresponding simulations were
performed. The results indicated that the consideration of local
topography is of high importance when comparing di�erent materials,
as the in
uence can mask intrinsic di�erences in material properties.

Ultimately, the prediction of the response at the cellular length-scale
indicated large di�erences between a linear elastic, incompressible
solid and a bi-phasic poroelastic material, thus challenging the com-
mon interpretation of indentation experiments for the prediction of
cell-perceived sti�ness.

7.1.3 | Local characterization of ageing murine skin

In the present work, the e�ect of ageing on the biomechanical prop-
erties of murine skin was assessed. By using laboratory animals for
the investigation, the in
uence from extrinsic ageing factors could be
minimized. Compared to corresponding adult animals, the apparent
sti�ness of very young skin was found signi�cantly lower in both
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macroscopic and local mechanical tests. These results are in line
with the still developing extracellular matrix in very young skin.

Furthermore, mechanical tests were performed on corresponding adult
and very old animals. Herein, the sti�ness at the local length-scale
was not found to be di�erent between the groups. When compared
to uniaxial tension experiments at the tissue length-scale, a similar
trend was reported between the groups. Thus, the present work
indicates that the biomechanical properties of intrinsically aged skin
at physiological tension levels remain unaltered from adult age, de-
spite di�erences such as collagen cross-link density and total amount
of collagen. At hyperphysiological tension, the trend between the
groups changed considerably, indicating that the stretch-dependent
behavior of the collagen structure is a�ected by age.

7.1.4 | Characterization of local apparent sti�ness
at elevated stretch levels

Motivated by recent �ndings that indicated a low engagement of
the collagen network during local indentation tests in unstretched
conditions, the present work aimed to investigate the local apparent
of murine skin at elevated stretch levels. For this purpose, an in vivo
stretch device that allowed to stretch the skin from its native state
was developed. By maintaining the stretched state during the tissue
preparation steps, the local apparent sti�ness of stretched and corre-
sponding unstretched control samples couldbe assessed with AFM.
The apparent sti�ness of stretched skin was found signi�cantly higher
than its corresponding control in both animals considered, thereby
indicating that the stretched state of the ECM has a detectable
in
uence, down to the local length-scale.
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7.2 Future work

7.2.1 | Local characterization of murine excisional
wounds

The present work assessed the local apparent sti�ness of wounds using
cross-sections of tissue, thus releasing the residual tension of the tissue
in the lateral and thickness direction. Therefore, in vivo imaging of
the microstructure of the wound would be a highly valuable addition
to evaluate the e�ect of tension loss on morphology. This could be
achieved with techniques such as second harmonic generation imaging
or 
uorescent labeling of collagen and other constituents of the ECM
[212{214]. Ultimately, the stretch device presented in chapter 6 could
be used to apply controlled stretches in di�erent directions during
the imaging procedure, thus allowing to monitor the deformation of
the reticular structure of the wound and its surroundings.

As discussed in chapter 4, the in
uence of local topography was
assessed by implementing a numerical simulation with a model con-
sidering the topographic data wherein the material was represented
as a homogeneous bi-phasic constitutive model. Ultimately, the
scatter in the experimental data could partially be explained by
the topographic variations. Future work should investigate whether
consideration of material heterogeneities could further enhance the
understanding of local indentation experiments. Notably, the topo-
graphic images from the �ber rich healthy dermis clearly indicated
that the collagen �bers represent local topographic pertubations.
Therefore, potential investigation could involve the introduction of a
hetergeneous solid phase with a corresponding weighting function of
higher local apparent sti�ness in locations with large local curvature.
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7.2.2 | Relevance of the fascia layer for wound heal-
ing

Recent �ndings have shed light on the relevance of the fascial layer
during the wound healing process [215]. Correa-Gallegoes et. al
were able to identify fascia-derived �broblasts as the primary source
of �broblasts within the wound bed, the cell type providing the
provisional matrix of murine wounds [216]. The collagen structure
of the deep fascial layers was found to be signi�cantly denser and
crimped compared to the dermal ECM, supported by the lower
apparent sti�ness as reported in the present study. The very same
group of cells, the En1 lineage-positive �broblasts (EPFs), was later
proposed to contribute strongly to contraction of wounds, an e�ect
which is evidently lost during the preparation of slides of the tissue
in the present work [217]. This could potentially contribute to the
previously reported inconsistencies in the mechanical behaviour of
wounds.

7.2.3 | Unravelling ECM morphology and mechani-
cal behavior under in vivo stretch

The typical assessment of skin tissue in histological analysis involves
skin biopsies, where the tissue is excised and allowed to contract,
releasing the residual tension. However, in order to provide an
accurate description of the ECM and the cellular environment, it is
desirable to maintain the skin in its native state. The framework
developed in chapter 6 will allow to investigate the microstructure and
composition of the ECM in both the referential and further stretched
con�gurations. Notably, information regarding the re-orientation of
the collagen �bers at enhanced stretch levels will be valuable for
corresponding computational modeling.

Furthermore, the device will allow to investigate how prolonged
stretch in vivo changes the tissue composition and cellular expression,
which will be highly relevant for a wide range of skin-related diseases.
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