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Abstract In continuum biomechanics, models are typically classified into models
appealing to phenomenological or so-called structural modeling approaches. How-
ever, this categorization often starts from the model itself and does not necessarily
focus on the desired application and purpose of the utilized model. Particularly with
regard to the future extension and the transfer of biomechanical models to clinical
problems, this sometimes seems to be insufficient. In order to enhance interdisci-
plinary applicability, more universal and accurate designations of models should be
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sought. Above all, one should clearly state the aim of a specific model, e.g., whether
it is intended to reproduce experimental data in silico or has explanatory intentions
beyond that. Besides that, one should also clearly state the definition of the concept of
phenomenology, which has in the context of mechanical models often a too negative
connotation. Being clear about the aim and purpose and the hereby concluded choice
of model(ling approach) helps to formulate models that have an optimal balance
between complexity—and thus computational cost—and desired benefit. Herein, we
aim to provide a concise overview, necessary definitions and implications on two
short examples taken from the broad field of (continuum) biomechanics, namely, the
modeling of collagen fibers and skeletal muscles.

1 Introduction

For several decades now, the broad field of continuum mechanics has found its way
into applications in biology and biomechanics. In addition to modeling and under-
standing real processes, the clinical application of biomechanical simulations is now
increasingly coming into focus. In this context, it is crucial that the scope, the level of
detail and the desired benefit and goal of a model are clearly stated. This is particu-
larly important in an interdisciplinary context when scientists from different fields of
researchwork together.Understandably, however,models developed by engineers are
often categorized using relatively non-standardized, engineering terms. Many such
terms can be found in the literature, such as ad hoc, biophysical, empirical,microme-
chanical, micromechanically-based, microstructural, microstructurally-based, mul-
tiscale, phenomenological, physiological, single-scale, or structure-based, as well
as more general namings such as computational, mathematical, mechanical, or mul-
tiphysics models.1

These terms are not always clearly defined and often overlap in meaning. This
means that certain models can be attributed to several of these terms. However, two
fundamentally different model approaches emerge. We refer to them as type A and
type B models, see Fig. 1. Such a classification is, however, anything but clear and
the respective terms of a model type should under no circumstances be understood
as synonyms. Roughly speaking, models of type A aim at a pure description of
observed phenomena, whereas models of type B typically include more levels of
detail and often have explanatory intentions. However, the individual terms within
themodel types can still have very specificmeanings and should be usedwith caution
to avoid ambiguity and imprecise descriptions of models. For more clarity, however,
we should first explain a few important terms in more detail, starting with the model
terms ‘phenomenological’ and ‘structural’ in the next section.

1 In the continuum-mechanical context, the term ‘model’ usually refers to a constitutive material
model that complements the physical balance equations and enables the calculation of initial-
boundary-value problems. However, the following considerations on models are not limited to the
field of continuum (bio)mechanics and can be conceived in a more general way. The underlying
ideas apply equally, for instance, to zero-dimensional models in the field of (mechano)biology.
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Fig. 1 A coarse identification of two different model types in continuum (bio)mechanics

2 A Model-Based (‘Engineering’) Point of View:
Phenomenological and Structural

A very common classification, especially in biomechanics, distinguishes between
phenomenological and structural model approaches. A clear definition of the former
can be found in Woo et al. (1993):

We refer to phenomenological models as those that do not have explicit parameters related to
the microstructure of the tissue. This category includes a number of models, from those that
are derived simply by curve fitting experimental data, to rigorously formulated continuum
models. (Woo et al. 1993)

Another definition has been formulated by McMullin (1968):

[. . .][A] phenomenological model appears to be an arbitrarily-chosen mathematically-
expressed correlation of physical parameters from which the empirical laws of some domain
can be derived. (McMullin 1968)

On the other hand, Woo et al. (1993) defines structural model approaches as follows:

Structural models are based on known (or assumed) behavior of the constituents of the tissue.
The mechanical responses of the individual components are then combined or generalized
to produce a description of gross mechanical behavior. [. . .]they include parameters which
are directly related to the structure of the tissue. (Woo et al. 1993)

These definitions are essentially based on the consideration of different length scales
and the (self-evident) presence of a so-calledmicrostructure of thematerial on smaller
scales. The behavior of thematerial—that appears homogeneous on themacroscale—
results from the interaction of different constituents/components—the heterogeneous
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microstructure—on themicroscale.2 Phenomenological approaches are purely based
on the (mathematical) description of the macroscopically observed behavior and are
indispensably linked to the process of calibrating the models to experimental data.
In this connection, the macroscale is identified as the observation scale, at which
effects and quantities like stresses or strains are observed and measured. In con-
trast, structural approaches include information on the microstructure of the material
directly in the modeling process and do not necessarily require experimental data
from the macroscale. However, it would be wrong to claim that phenomenologi-
cal models are based on the neglection of the microstructure. On the contrary, by
calibrating (‘curve fitting’) to experimental data—that naturally includes all small-
scale effects and interactions—microstructural effects are of course fully taken into
account. Rather, it should be made clear that phenomenological models take into
account the microstructure in an implicit manner, whereas structural models aim at
an explicit resolution of individual components of the material. This justifies some
of the terms presented in Fig. 1, such as the term single-scale for phenomenologi-
cal approaches, and multiscale, microstructural and micromechanical for structural
approaches.

The above summarized definitions tie a very tight corset around the concept of
phenomenological models, as they must not include parameters that are directly
related to themicrostructure and theymust be based on the calibration tomacroscopic
experimental results. Further, this classification is strongly based on amodel-oriented
and not application-oriented point of view. Not necessarily the purpose or the benefit,
but the model itself is the central structure of the classification.

Possible reasons that determine the choice between a phenomenological and a
structural modeling approach are illustrated in Fig. 2. Therein, reasons (i)–(iii) are
mainly linked to insufficient experimental data on the macroscale. If any (or even
several) of those reasons holds true, the use of a phenomenological, single-scalemod-
eling approach and the meaningfulness of the thereon-based results become limited
and questionable. Structural, multiscale modeling approaches serve as a remedy to
this problem. Instead of making use of experimental data only on the observation
scale, a multiscale approach also takes into account data from smaller scales. Ide-
ally, this shifts the constitutive modeling process and the necessary calibration step
from the data-poor macroscale to data-rich(er) smaller scales. Of course, a multi-
scale approach only makes sense if the experimental data on the smaller scales is of
better quality. While a multiscale approach due to reasons (i)–(iii) is rather a remedy
to overcome the experimental limitations, reason (iv) is a more active motivation
to utilize multiscale models. There, the material response on smaller scales and the
influence of the microstructure on the macroscopic material response are of inter-
est. Under these circumstances, the observation scale is no longer clearly defined,
because phenomena on at least two scales are then of interest and the interconnections

2 Although the characteristic length scale of inhomogeneities and constituents in a lot of applications
is in fact in the order of micrometers (μm), the prefixes micro and macro do not imply a direct
connection to absolute sizes, but rather stand for small and large by referring to their Greek roots
mikrós and makrós, respectively. The microscale can therefore be as well in the range of, e.g.,
nanometers without the necessity to refer to it as nanoscale.
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Fig. 2 Motivation to switch to structural models

between the scales move into focus. Hence, to be able to explain a certainmacroscop-
ically observed material behavior, multiscale modeling approaches can be applied as
sophisticated tool for a deeper investigation of phenomena across the scales. Finally,
a multiscale approach in this context always has to be accompanied with appropriate
upscaling and homogenization steps, such that the results become available on the
macroscopic observation scale. Examples of suchmodels can be found inmany areas
of biomechanics, such as the multiphase modeling of cement injection into vertebral
bodies, see, e.g., Bleiler et al. (2015), the structurally-basedmodeling ofmyocardium
and arteries, see, e.g., Holzapfel andOgden (2009, 2010), or themultiscale modeling
of skeletal muscles and general homogenization approaches by the authors, see, e.g.,
Röhrle et al. (2008), Röhrle et al. (2012), Wang et al. (2013) Heidlauf et al. (2016),
Bleiler et al. (2019), Schmid et al. (2019), Röhrle et al. (2019) and Bleiler et al.
(2021).

In the next section, a slightly different, rather philosophical and more application-
based point of view for the classification of models is outlined.
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3 An Application-Based Point of View: Phenomenological
and Explanatory

In addition to the model terms commonly used in engineering and biomechanical
applications, see Fig. 1, a variety of other designations can be found if the concept of
a model is taken more broadly and the topic is explored more from a philosophical
point of view. For instance, an extensive list of terms can be found in the article of
Frigg and Hartmann (2020):

Probing models, phenomenological models, computational models, developmental mod-
els, explanatory models, impoverished models, testing models, idealized models, theoreti-
cal models, scale models, heuristic models, caricature models, exploratory models, didactic
models, fantasymodels,minimalmodels, toymodels, imaginarymodels,mathematicalmod-
els, mechanistic models, substitute models, iconic models, formal models, analogue models,
and instrumental models (Frigg and Hartmann 2020)

A detailed analysis of all these terms is beyond the scope of this section, but the list
highlights the wide range of names for models. Above all these terms there is a very
fundamental level of categorization, in which models are classified into so-called
representative, idealized and fictional. Very clear definitions for representative (or
representational) models have been formulated by Craver (2006):

[. . .]representational models, that is, those that scientists construct as more or less abstract
descriptions of a real system. (Craver 2006)

as well as by Frigg and Hartmann (2020):

they[representative models] represent a selected part or aspect of the world, which is the
model’s target system. (Frigg and Hartmann 2020)

In turn, idealized models are described by Frigg and Hartmann (2020) as follows:

Idealizedmodels aremodels that involve a deliberate simplificationor distortionof something
complicated with the objective of making it more tractable or understandable. (Frigg and
Hartmann 2020)

A common example for an idealized model is the neglection of friction in a mechan-
ical system. However, here a certain difficulty in distinguishing between represen-
tational and idealized models is already apparent. In particular, there is a certain
lack of clarity in the descriptions as to whether any model assumption is already an
idealization. Yet, since model assumptions are indispensable in the formulation of
mechanical models (that are usually not based on first principles), such a statement
would make it impossible to formulate representative mechanical models and would
therefore go too far.

Finally, Bokulich (2011) describes the third model form as follows:

[. . .] by fictional model I mean simply a model that represents the world by means of
fictional entities, states, or processes (and to distinguish fictional models from idealized
models-specifically fictional entities or processes that are not related to the true ones in the
world by what might be thought of as a distortion or series of successive cases). (Bokulich
2011)
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Here too, the distinction between idealized and fictional models is at times difficult.
We assume, however, that in biomechanics one rather finds idealized models and not
purely fictional models without direct reference to a real application.

Once this first level of model classification has been introduced, a second level of
distinction can be identified. To motivate this, we consult two statements of Craver
(2006): ‘Not all models are explanatory. Some models are data summaries.’ as well
as ‘There is a widely accepted distinction between merely modeling a mechanism’s
behavior and explaining it.’ Here we apparently distinguish between models that
have explanatory capabilities and those which model and replicate certain behaviors
(‘data summaries’). Consequently, the latter approach can be identified as a rather
phenomenological one, which leads us to the distinction between phenomenological
and explanatory models, see also Bokulich (2011). This pairing seems to be very
similar to that mentioned in the previous section, where we distinguished between
phenomenological and structural models. However, the distinction considered here is
still quite different, which can be illustrated by the following definitions. According
to Bokulich (2011),

A phenomenological model is only of instrumental value to the scientist. Often–though not
exclusively–they are constructed via an ad hoc fitting of the model to the empirical data.
Phenomenological models are useful for making predictions, but they do not purport to give
us any genuine insight into the way the world is. (Bokulich 2011)

whereas

An explanatory model, by contrast, does aim to give genuine insight into the way the world
is. (Bokulich 2011)

The difference between the two model types is thus the ability to go beyond the
mere reproduction of results and to provide explanatory insights into the underlying
mechanisms. Of course, it can be stated that such explanatory models in the context
of biomechanical problems usually lead to the formulation of multiscale approaches.
Onemight therefore end up againwith the distinction between phenomenological and
structural approaches (or between other terms belonging to typeAor typeB in Fig. 1).
However, the crucial difference is that the multiscale approach is the essential feature
of structural models (an end in itself), whereas in the case of explanatory models it
is a possible consequence (a means to an end). This means that the here presented
classification proceeds froman application-based point of view, because it only shows
itself through the application of the model and whether it has explanatory intentions
or not. On the other hand, a purely phenomenological model has the characteristic of
a blackbox that takes some input (calibrated parameters) and provides some output,
without providing explanations on the underlying mechanism.

As far as explanatory models are concerned, a further classification is possible,
which is based on the way underlying mechanisms are described. According to
Machamer et al. (2000) andCraver (2006), one can distinguish between how-possibly
and how-actually models. They are defined as follows:

How-possibly models (unlike merely phenomenal models) are purported to explain, but they
are only loosely constrained conjectures about themechanism that produces the explanandum
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Fig. 3 Scheme of model classifications from a ‘philosophical’ point of view

phenomenon. They describe how a set of parts and activities might be organized such that
they exhibit the explanandum phenomenon. (Craver 2006)

and

How-actually models describe real components, activities, and organizational features of the
mechanism that in fact produces the phenomenon. They show how a mechanism works, not
merely how it might work. (Craver 2006)

Thefirst form thus describesmodels inwhichpossiblemechanisms are postulated and
assumed, while the second form demands knowledge of them. Applied to mechan-
ical problems, this means that how-actually models provide precise knowledge of
the underlying causes of a macroscopic material response, e.g., by examining micro-
scopic image data and exactly identifying the relevant microstructural components
and their interplay. This last classification is very crucial as a preliminary consid-
eration during the formulation of a model. In particular, it is important to consider
whether the underlying mechanisms of the macroscopic behavior that is sought to
be described are known at all. In this connection, however, it is directly evident that
‘complete’ descriptions of a material behavior across all scales are hardly possible
and that certain simplifications must always be made. Craver (2006) commented:
‘[. . .]ideally complete descriptions of a mechanism. Such models include all of the
entities, properties, activities, and organizational features that are relevant to every
aspect of the phenomenon to be explained.’ He further states: ‘In fact, such descrip-
tions would include so many potential factors that they would be unwieldy for the
purposes of prediction and control and utterly unilluminating to human beings.’ We
may therefore assume that models usually lie in a range between the how-possibly
and how-actually models. Machamer et al. (2000) refer to this intermediate range as
how-plausibly models. In this context, it also has to be emphasized that an explana-
tory model is not improved by adding more details, but only by adding more relevant
details, see Craver and Kaplan (2020).

The three levels of classification introduced in this section are finally summa-
rized in Fig. 3. In this connection, it may seem somewhat confusing that explanatory
approaches can be found in both representative and idealized models. In this regard,
also Frigg and Hartmann (2020) posed the question:

Some models explain. But how can they fulfill this function given that they typically
involve idealizations? Do these models explain despite or because of the idealizations they
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involve? Does an explanatory use of models presuppose that they represent, or can non-
representational models also explain? (Frigg and Hartmann 2020)

Here, however, it is necessary to point out once again a certain ambiguity in the dis-
tinction between representative models and idealized models, especially with regard
to how model assumptions are assessed. It makes sense that also idealized mod-
els (that, e.g., neglect viscous behavior due to quasi-static loading conditions) in
mechanical applications can be explanatory.

Now that we have looked at the classification of models from a slightly dif-
ferent angle in this section, we should take another closer look at the concept of
phenomenology. This follows in the next section.

4 The Strength (and Omnipresence) of Phenomenology

In the previous two sections, phenomenological models were introduced as coun-
terparts to structural and explanatory modeling approaches. In both cases, the phe-
nomenological models had the character of ‘simpler approaches’. This is an accurate
description if ‘simple’means less complex and easier to handle in numerical environ-
ments. However, it should by nomeans be seen as a synonym for ‘worse’ or ‘inferior’.
The mechanical description of materials is not possible at all without the concept of
phenomenology. This section therefore gives a brief overview of the strength (and
omnipresence) of phenomenology.

As a start we look at the general definition of the term phenomenology given by
Smith (2018):

The Oxford English Dictionary presents the following definition: ‘Phenomenology. a. The
science of phenomena as distinct from being (ontology). b. That division of any science
which describes and classifies its phenomena. From the Greek phainomenon, appearance.’
In philosophy, the term is used in the first sense, amid debates of theory and methodology.
In physics and philosophy of science, the term is used in the second sense, albeit only
occasionally. (Smith 2018)

In particular, the first (‘a.’) meaning shows that a detailed study of the concept of
phenomenology would take us far into the realm of philosophy. Beyond the use of the
term in physics and mechanics, phenomenology actually represents a complete dis-
ciplinary field in philosophy. It is especially linked to the name of Edmund Husserl.3

For our purposes, however, the term phenomena (hence, appearance) mentioned in
the definition is particularly interesting and—unsurprisingly—represents the central
notion and stands in themiddle of the concept of phenomenology, see also Bogen and

3 Edmund Husserl (1859–1938) was an Austrian-German philosopher and mathematician. Inter-
estingly, both the well-known philosopher Franz Brentano and the mathematician Karl Weierstraß
were among his academic teachers. Husserl’s work and contributions are essential in establishing
phenomenology as an independent philosophical school. Main parts of his research work were pub-
lished as a complete edition namedHusserliana. See, e.g., Husserl (1999) for an English translation
of one of his works.
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Woodward (1988) and Bogen (2011). Further, the notion of phenomena is equally
important in modern continuum mechanics, as stated by Truesdell and Noll (2004)
in their famous magnum opus:

The task of the theorist is to bring order into the chaos of the phenomena of nature, to invent
a language by which a class of these phenomena can be described efficiently and simply.
(Truesdell and Noll 2004)

Summarizing, the observation of a phenomena has to be the starting point for a
phenomenological approach. In a mechanical problem, e.g., such a phenomenon
can be an experimentally measured stress-strain curve (hence, an observed material
behavior). Then, for the basic problem of material theory, which is finding appro-
priate constitutive formulations, this means that the description of the phenomenon
‘stress-strain curve’ by means of suitable mathematical functions is a proper phe-
nomenological approach. As a consequence, such an approach cannot be incorrect
or insufficient. A phenomenological approach guarantees an unbiased and objective
view on the things as they are, it does not require any further subjective opinion of
the observer and thus avoids incorrect modeling. It can be said that a phenomeno-
logical model does not directly describe a material, but an observed behavior of that
material. In this context, it is also irrelevant why the material behavior shows itself
in this way. That is also emphasized by Smith and Smith (1995) who stated:

Phenomenology [. . .] is above all a descriptive enterprise, a theory of appearances, of symp-
toms, as contrasted with those disciplines which deal in causal explanation, and with what
lies behind the appearances. (Smith and Smith 1995)

Hence, a phenomenological description does not aim to explain why phenomena
appear the way they appear. However, this can be seen as an advantage, if it is made
clear that such explanations are not only not the aim but also not necessary at all.
Moreover, the term ‘symptom’ in the last quote is interesting, too. To illustrate this
with an example frommedicine: One starts by examining a patient and describing an
observed symptom, and not by describing a disease.Applied tomechanical problems,
one starts with an observed material behavior and formulates a model based on it,
and not vice versa. This way of thinking is crucial in finding the best possible models.

If one wants to find the underlying causes of a particular phenomenon, Machamer
et al. (2000) states that ‘Mechanisms are sought to explain how a phenomenon comes
about or how some significant process works’. Without going into the philosophical
controversies surrounding the exact definition of what a mechanism is, we here adopt
the pragmatic definition of Illari and Williamson (2012):

A mechanism for a phenomenon consists of entities and activities organized in such a way
that they are responsible for the phenomenon. (Illari and Williamson 2012)

Looking at this from a mechanical point of view, the term ‘entities and activities’
immediately brings to mind the classical multiscale problem with its different inter-
acting components on smaller scales. This connection becomes even clearer by look-
ing at Table1, which is adopted from Darden (2006, 2008). Although not directly
related to mechanical problems, this list could be used for exactly those. An observed
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Table 1 Origin of phenomena: features of mechanism (modified from Darden (2006, 2008))

Phenomenon

Components Contextual locations

Spatial arrangement Temporal arrangement • Location within a hierarchy

• Localization • Order • Location within a series

• Structure • Rate

• Orientation • Duration

• Connectivity • Frequency

• Compartmentalization

phenomenon appears as the result of the spatial and temporal interaction of certain
structures (components) on smaller scales. These considerations make it clear, of
course, that the investigation of structures on smaller scales is in turn based on the
observation of certain phenomena and their necessary description on these scales.At a
certain point one will always fall back on phenomenological descriptions in mechan-
ical considerations. Even if a multiscale, explanatory model describes a macroscopic
phenomenon in a very detailed manner and incorporates effects from smaller scales,
e.g., on the order of micrometers or even nanometers, it is in a physical sense still
‘macroscopic’ and relies on phenomenological concepts like pressure, volume, tem-
perature, heat, work and mass. The designation ‘non-phenomenological’ for a model
would therefore be somewhat doubtful. Consequently, the designation of a model
as phenomenological or explanatory only makes sense in relation to a certain phe-
nomenon (an observed material behavior) at a certain scale and not to a material with
all its appearances across scales.

5 An Exemplary ‘Symptom-Based’ Modeling Workflow

If we now summarize some of the investigations and explanations presented so far,
the following questions can be formulated for the creation and setup of models:

Questions for model setup (e.g., in clinical applications)
• What is the purpose of the model?

– What phenomenon shall be reproduced/described?
– What is the observation scale?
– What is the desired data output?
– Is the aim to merely reproduce/perform real experiments in-silico or to
gain further knowledge and insights from the model?

• What data can be used as input?
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– On which scales is input data available?
– How reliable and representative is the input data?
– Must/can further experiments be performed for data acquisition?

Sequentially answering those questions and processing the requirements list will
lead to the model that fits best. This can be any kind of model, such as a phenomeno-
logical model for the pure mathematical description of a stress-stretch curve, or an
explanatory (multiscale) model that contains detailed descriptions of smaller scales
and that can not only reproduce but also explain macroscopic effects. Yet, it must
be stressed that the choice of a particular model is a direct consequence of the prob-
lem and the available data. One tries to present a clearly formulated phenomenon
or to solve a specific problem by first looking at a ‘symptom’ and then formulates
the appropriate model based on this. The quality of the model is not assessed by
its complexity or its ability to explain underlying mechanisms, but by the ability to
provide the desired output data. Thus, none of the different model approaches can a
priori be regarded as better or worse. In particular, we emphasize that explanatory
multiscalemodels are not better than phenomenological (single-scale) approaches by
definition. The former demand for considerable effort in the modeling process, such
as the need for reliable upscaling and homogenization methods, and usually increase
the complexity of the resulting models. In turn, the higher complexity eventually
entails higher computational costs when solving actual problems. Further, it always
has to be reminded that modeling on more than one scale plus capturing interscale
effects usually results in the need of more modeling assumptions. While a single-
scale approach smears all small-scale effects and we might thus say that it accounts
for them in an intrinsic manner, a multiscale approach actually has to resolve small-
scale effects and requires more information and more knowledge about a system. In
any case, one should always keep in mind the paradigm as simple as possible, but not
simpler4 during the formulation of a specific model in order to avoid unnecessary
complexity and computational costs.

6 Example I: Collagen Fiber Modeling

In order to clarify the previous considerations, we will now look in this first example
at the modeling of collagen fibers. In this connection, collagenous structures can be

4 This saying—in this or similar forms—is often attributed to Albert Einstein, but that cannot be
clearly proven. However, it is assumed that it is a highly simplified version of his verified statement
‘It can scarcely be denied that the supreme goal of all theory is to make the irreducible basic
elements as simple and as few as possible without having to surrender the adequate representation
of a single datum of experience.’ from his work Einstein (1934). It is, for a continuum-mechanist,
interesting to note that in the same work Einstein also formulated a brief justification for continuum
field theories: ‘[. . .]in a continuum theory, the atomistic character could be satisfactorily expressed
by integral propositions without localizing the particles which constitute the atomistic system.’.
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Fig. 4 Modeling of collagen fiber bundles. Experimental stress-stretch data, Pexp, from Hansen
et al. (2002). Left: best-fit curves for PHGO (k1 = 9.058MPa, k2 = 151.2, R2 = 0.9787) and
PBNSH (α1 = 1.489GPa, α2 = 4.171, R2 = 0.9971). Right: results PMW,1 and PMW,2 from the
multiscale model by Marino and Wriggers (2017)

found in nearly every biological tissue, such as arteries or muscles, and represent
a key contributor to their mechanical properties. If a collagen fiber (or a bundle of
collagen fibers) is subjected to a tensile stretch, say λ, in its longitudinal direction, a
typical J-like stress-stretch curve can be observed. For instance, the nominal stress
thatwasmeasured in experiments byHansen et al. (2002) is shown in Fig. 4, indicated
asPexp. This means that the material behavior of a collagen fiber bundle shows itself
as an observed phenomenon bymeans of experimentalmeasurements.Wenowobtain
a phenomenological description by calibrating suitablemathematical functions to the
experimental results. It does not matter why the phenomenon appears in this way and
no knowledge of the underlying mechanisms is required. For example, in the context
of hyperelasticity, the exponential strain-energy function by Holzapfel et al. (2000),
given by WHGO(λ) = k1 exp{k2〈λ2 − 1〉2 − 1}/(2k2), as well as the formulation by
Balzani et al. (2006), given by WBNSH(λ) = α1〈λ2 − 1〉α2 , are particularly useful.
Therein, 〈x〉 = (x + |x |)/2 and each of these two energy functions contains two
fitting parameters: k1 and k2 for WHGO and α1 and α2 for WBNSH. The calibration
of the corresponding nominal stress formulations PHGO = ∂λWHGO and PBNSH =
∂λWBNSH to the experimental results Pexp provides the curves as shown in Fig. 4
(left). From this it can be seen that both energy functions are very well suited for
the phenomenological description of the experimental results. They can be easily
integrated into numerical simulation tools.

A phenomenological modeling approach has no intention to explain why the
experimental stress-stretch curve looks as it does and what mechanisms are respon-
sible for it. In fact: it cannot, does not want to and does not have to explain it. In
contrast, an explanatory model aims to identify the mechanisms and components
that are responsible for the observed material behavior. A look into the microstruc-
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ture of collagen fibers helps here. Starting on the smallest (considered) length scale,
collagen fibers consist of triple helical tropocollagen molecules with a diameter of
about 1.5nm.Multiple molecules are arranged in staggered arrays and form collagen
fibrils with diameters of about 50–250nm. The molecules interact on the fibril-level
through intermolecular covalent cross-links (between two molecules) and so-called
weak bonds. Finally, bundles of densely packed fibrils form the collagen fiber, which
usually appears in a crimped form in the unloaded reference configuration. This
crimped shape has a major influence on the observed J-shaped stress-stretch curve
with its flat toe region at lower stretches (when the fiber and underlying structures
are crimped) and a stiffening at higher stretches (when the fiber is straightened).
More details can be found, e.g., in the textbook of Fratzl (2008). Explanatory models
that include these mechanisms across several length scales and provide the resulting
macroscopic material response were formulated by, e.g., Buehler (2008), Maceri
et al. (2010) and Marino and Wriggers (2017). Results of the latter are shown in
Fig. 4 (right). A multiscale model such as the one by Marino and Wriggers (2017)
involves microstructural components directly and is usually based on model param-
eters with direct physical meaning (i.e., no fitting parameters). Of course, this can be
very advantageous in biomechanical applications, since it allows, e.g., to describe the
material behavior due to microstructural changes caused by diseases. In this context,
Craver (2006) commented that explanatorymodels ‘[. . .]show how the systemwould
behave under a wider range of interventions than do phenomenal models, and so they
can be used to answer more w-questions’, whereby the term ‘w-questions’ refers to
the work of Woodward (2003) and means ‘what-if-things-had-been-different’. In
contrast, Craver (2006) states that a phenomenological model is ‘a model that is
useful only within a narrow range of conditions (such as health, proper functioning,
or the absence of disturbing outside forces) but that fails outside of those narrow
conditions’. Hence, a more complex multiscale model can also be applied to scenar-
ios for which no macroscopic experiments exist. However, this complexity is usually
associated with additional numerical effort. In the example dealt with here, it could
be seen that both phenomenological and explanatory models describe the observed
collagen behavior very well and that the choice between these two approaches must
depend on the application and the availability of experimental data.

7 Example II: Skeletal Muscle Modeling

The second example deals with skeletal muscle modeling and will be discussed here
only briefly. While only uniaxial deformations are usually observed and described
for the collagen fibers considered in the previous section, a multi-axial deformation
state (that can be expressed by the deformation gradient F) and the resulting obser-
vation of anisotropic material behavior is of interest when examining muscle tissue.
This means that the anisotropic behavior results directly from the observation of
experiments. In the context of hyperelastic continuum mechanics, this leads to the
identification of the material symmetry group MG ⊆ O(3) under which the strain
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Fig. 5 Amultiscale framework for themodeling of skeletal muscle tissue. Relevant microstructural
constituents, like the extracellular matrix (ECM), are collected in a representative volume element
(RV E ) and determine the effective behavior at a macroscopic material point P̄

energyW (FQT ) = W (F) becomes invariant with respect to referential transforma-
tions Q ∈ MG, see also Holzapfel (2000). Thus, a sufficient number of multi-axial
experiments is essential, not only for the identification ofMG, but also for the sub-
sequent calibration of strain-energy functions W (F). In skeletal muscle modeling,
however, the presence of muscle fibers in the tissue often resulted in the assumption
that MG represents the transverse isotropy group and that the material is stiffest
in the direction of the muscle fiber. This led to the use of strain-energy functions
for fiber-reinforced materials, but beyond that, these were often only fitted to uni-
axial experimental data. Experiments such as the one by Takaza et al. (2013) show,
however, that muscle can be stiffer in the transverse-to-the-fiber direction and the
fiber-reinforced model therefore provides a false statement. Yet, this is not a weak-
ness of a supposedly phenomenological model, because the procedure is simply not
observation-based. Rather, it represents an incorrect explanatory approach with a
wrong how-possibly assumption. Either one rigorously formulates a phenomenolog-
ical model based on observations (experimental data) or one postulates mechanisms
in a how-possibly model and clearly names it as such.

Finally, a last point is illustrated by means of the multiscale muscle model by
Bleiler et al. (2019). This model is based on the description of microstructural com-
ponents, such as the extracellular matrix and the helical arrangement of collagen
fibers, and provides the macroscopic behavior of muscle tissue by suitable homog-
enization and upscaling steps, see Fig. 5. There one can see that the collagen fibers
appear on the microscale in this observation and that their description and inclu-
sion are decisive for the prediction of the macroscopic muscle behavior. In turn, the
description of the collagen fibers brings us back to the considerations of the previous
section. Thus, even in an explanatory multiscale model, the question arises whether
individual structures should (or have to) be described on smaller scales by phe-
nomenological or structural/explanatory models. The designation of an explanatory
model therefore only makes sense with a clear reference to a certain scale, whereas
the description of individual mechanisms in such a model naturally relies again on
phenomenological approaches. Hence, the idea of phenomenology is always there.



350 C. Bleiler and O. Röhrle

8 Conclusion

This chapter dealt with the classification of (bio)mechanical models. In particular,
twodifferentways of approaching this topicwere discussed. Thefirstwas amore clas-
sical engineering-oriented approach and focused on the model itself, thus resulting
in common descriptions like structural, micromechanical or multiscale. In contrast,
the second approach was more application-oriented. It focused on an observed phe-
nomenon and the distinction between direct, phenomenological model approaches
and such that explain (or postulate) the underlying mechanisms of a phenomenon.
Further, an attempt was made to clarify the meaning and importance of phenomenol-
ogy in mechanics and to avoid the designation of phenomenological models as inac-
curate or insufficient. In mechanics, phenomenological and explanatory approaches
represent two different ways of describing observed (material) behavior and nei-
ther is better or worse per se. The focus in basic research is usually on the detailed
investigation of complex processes across length and time scales, thus leading to
detailed multiscale models, while in real (e.g., clinical) applications one might be
more interested in the fast and reliable generation of desired output data for given
input data, for which phenomenological models are well suited. In this context, ana-
lytical microstructurally-motivated constitutive models such as the ones proposed
by Professor Holzapfel are particularly valuable, as they combine the advantages of
simple usability and the presence of microstructural parameters with physical mean-
ing. Examples are for instance the widely used model by Gasser et al. (2006) for
dispersed collagen fiber orientations as well as the constitutive models for arteries
proposed by Holzapfel and Ogden (2010) and for cardiac muscle tissue by Holzapfel
and Ogden (2009). The latter model, e.g., has made decisive steps towards clinical
applications in the context of the Living Heart Project, see, e.g., Baillargeon et al.
(2014) and Peirlinck et al. (2021).

In the context of classifying models, it makes sense to refer to (bio)mechanical
models in basic research by means of terms like structural or micromechanical, par-
ticularly if the model itself is the focus of a work. However, if one is more concerned
with answering specific questions (like describing some measured material behav-
ior), such terms are often not helpful, especially in an interdisciplinary environment.
In this case, it is sensible to name models according to their abilities in relation to
that specific question and to use terms like explanatory or the mentioned distinction
between how-possibly- and how-actually-models.
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