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Figure 7.22.: 3-d simulation of remodelling in a human femur using the average equivalent
tensile stress at the absence of gravity and average equivalent tensile stress
at standing alternating to calculate the remodelling. The colouring indicates
the development of the solid volume fraction in a loaded femur starting from
an initially homogeneous distribution (nj¢ = 0.1). The differences with the
results depicted in Figure 7.22 are marginal.
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Figure 7.23.: Development of the overall solid volume V?° = Ja n®dv calculated from a
daily routine consisting of 50% zero gravity conditions and 50% standing
boundary conditions compared with the development at the genuine loading

cases.
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Chapter 8: Outlook and Future Work

Here, the complex behaviour of biological tissue is described on the tissue scale by em-
ploying the Theory of Porous Media. Growth and remodelling processes are included into
the model by assuming a distinct mass exchange between the fluid and the solid phase,
which results in changes of the solid volume fraction of the accompanying reference con-
figuration.

To identify thermodynamically consistent material laws for the growth and remodelling
processes, it becomes necessary to consider biological and chemical mechanisms. These
processes are incorporated by employing the growth energy as a measure of the chemical
energy available for cell metabolism. As a result, it gets obvious that for a thermodynam-
ically consistent description of the growth and remodelling mechanisms, the consumption
of metabolic energy by the cells must be considered. Thus, the solid volume production is
split into a degenerative and a regenerative part, which are evaluated individually. This
leads to separate restrictions for both parts, where the regenerative part is restricted by
the growth energy, which must be above a certain threshold value.

To demonstrate the applicability and to clarify the necessity of this approach, the growth-
energy concept was applied to the early stages of avascular tumour growth and bone
remodelling, where 3-d initial-boundary-value problems were numerically solved using the
mixed finite-element method. For the description of tumour growth, the growth energy
acts as the major trigger of the growth process itself. Concerning the remodelling of
bones, the growth-energy concept is a plausible extension of the existing models. It is
necessary for thermodynamic considerations and allows the inclusion of further metabolic
effects into the model, e. g., the impact of a permanent malnutrition.

Furthermore, this concept provides the basis for the inclusion of regulation mechan-
isms that occur on the cellular level. These mechanisms are investigated by the dis-
cipline of Systems Biology, which uses specific methods and numerical tools. Modern
computational solution strategies like the web-service technology and Scientific Work-
flows provide an excellent framework for the incorporation of continuum-mechanical and
systems-biological tools towards an integrated growth and remodelling model. Thereby,
the mechanical model is employed to calculate the relevant mechanical quantities and
the systems-biological model focusses on the local remodelling processes. The numer-
ical treatment using workflow and web-service technology is introduced and compared
with a traditional implementation strategy. Thereby, the web-service technology allows
for the usage of tailored programs for the solution of each subproblem, where the work-
flow controls the data and control flow among the services. This allows each scientist to
concentrate on a specific subproblem and to develop a domain-specific solution strategy,
which can be readily incorporated into the overall workflow.

To demonstrate the capability of the service-oriented solution strategy, the remodelling
under different transient boundary conditions obtained from a previous multi-body sim-
ulation of the overall muscular-skeletal system is calculated. A preliminary simulation,
using static boundary conditions, and the results of the monolithic and decoupled solu-
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tion strategies are qualitatively and quantitatively in very could agreement. Using the
decoupled solution strategy, the interval size used for the systems-biological subproblem
influences the result quality and the computational effort. Choosing a larger interval
reduces the computational effort and the accuracy of the results. The latter is mostly
caused by a delayed response to changes of the variables calculated in the mechanical and
chemical subproblem. Then, instead of using static boundary conditions, remodelling
caused by transient boundary conditions is calculated. Therefore, a sequence of boundary
conditions is applied, and the average of the resulting stress distribution is transferred to
the systems-biological subproblem. Again, the results are qualitatively and quantitatively
in very good agreement with the results obtained from simulations with static boundary
conditions.

By changing the overall workflow model, it becomes possible to simulate multiple loading
scenarios in parallel and to assemble the daily routine within the database. Therewith,
the remodelling caused by a sequence of activities can be calculated from the assembled
data set (subsection 7.3.4), which has high clinical relevance. A simulation considering
multiple loading situations helps to qualitatively predict the surgery outcome with dif-
ferent prosthesis types. Thereby, the integration of cell-population dynamics provides an
accurate way of simulating and interpreting the influence of mechanical loads on the bone
structure, and allows for considering the effects of medicaments, hormones or diseases.
This approach provides the possibility to numerically predict the individual patient risk
to suffer a periprosthetic joint infection after a total hip replacement, where a slower
cellular response increases the probability of bacterial infections on the surface of the
endoprosthesis. This is one of the most challenging complications of total joint arthro-
plasty. Furthermore, the accurate prediction of the bone loss during extended spaceflights
becomes possible, where a combination of exercises and a special dietary attenuates the
bone loss.

Beyond the clinical relevance, the integration of simulations into the business processes,
as discussed in Section 6.2 and demonstrated in Section 7.3, will become more important
in industrial applications. For example, Cyber Physical Production Processes allow for
the manufacturing of individual products for each client. To guarantee that every product
fulfils legal and normative restrictions, simulations before and during its production are
indispensable.

The solution strategy presented in subsection 7.3.4 has not only clinical relevance, but
also provides a suitable method for construction and dimensioning in structural engineer-
ing following the technical rules provided by the Eurocodes, where the huge number of
load combinations prevent an a-priori identification of the relevant loading scenario, and
requires the parallel calculation and combination of several loading cases.

Last but not least, in scientific research, the possibility to easily exchange one submodel,
enables a simple numerical validation and verification of the multiple hypothesis on the
remodelling stimuli within bones by comparing the results of different remodelling al-
gorithms. In this context, splitting of the global equation system into mechanical and
chemical parts, as introduced in subsection 6.2.1, allows for the consideration of multiple
fluid components, where the diffusion of every component is calculated by an individual
simulation. Hence, the number of considered solutes is only limited by the available hard-
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ware structure and can be adapted to the requirements of the systems-biological submodel.
Nevertheless, here only uncharged molecules are included. The inclusion of charged ions
might lead to swelling of the solid constituent, which requires a special treatment.

To investigate the effect of tumour cells on a whole organ, the example demonstrated in
Section 7.1 should be extended, such that the consideration of the surrounding healthy
tissue becomes possible. Therefore, the solid phase must be split into a healthy and a tu-
morous part, where the latter contributes to the positive solid-mass production. Further-
more, to include the influence of hormones and therapeutic agents on the cell populations,
a systems-biological model that includes this aspects should be considered.

Concerning the growth energy, the numerical concept introduced in subsection 6.2.1
provide an alternative solution strategy. By using modern simulation techniques, it be-
comes possible to calculated the distribution of multiple solutes in parallel. Thus, it is
in principle possible to consider an unlimited number of solutes, and therefore, future re-
search should identify and consider the relevant solutes, rather than abstracting all solutes
within one quantity.
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Appendix A: Mathematical relations

It is possible to calculate the solid volume fraction n® by an analytical integration of the

solid volume balance
(n®)s +n°divvg = 2”. (A1)

The divergence term is replaced by the determinant of the deformation gradient and its
derivative:

det F,)’
divv, = ((fetF)a, (A.2)
which yields the form
(n%)s  (detFg)g B ns (A.3)
nS detFg  nS’ '
Recalling the definition of the time derivatives in this equation
dgn® dgdetF

(n®)y = Zt and (det Fg)y = % , (A.4)

the solid volume balance after separation of variables and after analytical integration
reads:

/1d 1 ! d(th)—/tﬁSdt (A.5)
ns det Fg ESI= Jy s '
With the integration relation
z 1
Inzx —Iny(0) = [ —dy, (A.6)

U
where Iny(0) is the integration constant which can be calculated from the initial value,

the solid volume fraction reads:

t nS
Inn® — Inndy + Indet Fg — Indet I = / " oar. (A7)

0o n’

Therein, njg is the initial volume fraction, and the initial deformation gradient is equal to
the identity tensor I. After exponentiation and transformation, the final form is found:

¥ =nj, "0 ) (det Fg) ! A8
n —nosexp(tons )( etFg) (A.8)

where the solid volume fraction of the accompanying reference configuration can be iden-

tified as
t nS

n
nyg = Nog exp(/t0 ﬁdt) . (A9)
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To calculate the time derivative of nyg, the exponent in (A.9) is substituted by g(t)

t S dg 7S

- [ ith ="
g(t) /to nsdt wit il

Employing the chain rule, the time derivative reads:

-5
, f
(n7s)s = ngs exp(g(t)) —5 -
s
ons dg
99 ot

Inserting the solid volume fraction, the final form is found

S ~S
X t

-~ nds exp(g(t))(det Fg)~1 t5 -

(A.10)

(A.11)

(A.12)



Appendix B: Entropy inequality

For the evaluation of the entropy principle, the dependencies of the Helmholtz free energies
must be included. The solid Helmholtz free energy 1° is assumed to be a function of the
solid deformation gradient Fg and, additionally, of the solid volume fraction n” to account
for the volume production governing the growth process. Furthermore, the Helmholtz free
energies of the mixture components \IJ?J are functions of the partial pore density pg of the
respective component. Hence, the dependencies of the Helmholtz free energies read:

Y=y (Fg,n”) and U = Uh(U,pf) = U5+ Y W) (p}). (B.1)
v

For a detailed derivation of the dependencies of the Helmholtz free energy, refer to Ehlers
(2002, 2009) and the references therein. The time derivatives of the Helmholtz free energies
used in the entropy inequality (4.14) are calculated by use of the chain rule:

S a S
PP () = Saﬁ FL- Lo+ p° 81@( .

0 ‘IIF
F /
Z 3PF

(B.2)

Furthermore, the mass and volume balances (4.10) and (4.3) together with (3.10) are used
to reformulate the local time derivatives (n%)y and (p})%:

(n*)y = —ndivvg +2° = —n°Lg - T+ a°
nt (02 = —nf iy - T—nSpoLg - T4 nt'pl + 2% ph— (B.3)
— pg gradn® - wg — nt grad pg ~dgp.
The latter is obtained by reformulating (4.10):

!/

" (pp)r = = n" - div v +n"pf — 0" grad pf - dge — p(n");
= — ol divvs — n®p divvg + nt pi 4+ 1% ph— (B.4)
— ngradn “Wg — nt gradpf7 ~dgp,

where the derivative of the fluid volume fraction is reformulated using relation (3.10) and
the saturation constraint (4.15):

(n") = (") + gradn” - ws = —(n®)5 + gradn’ - wj. (B.5)

Concerning the solvent ¢¥, after inserting (4.1) and (4.2) in (B.3),, the saturation con-
straint (4.15) reads:

nf(ph)e = —nf p"Lp - T —n%p" P Lg - T+ 2l p™ + 25! — pM gradn? - wp =0. (B.6)
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With these results, the entropy inequality (4.19) yields
s S S ¢ oB(nS 20195
[T +n°PI — paF (n)wl—

R4
—nS\IJFI+nSZpFa e I} Ls +

F

F

LOVE
—I—{TL—i—nFPI—nF\IJIL,I—i-n Pk

aLI] Ly +

LOUE
op}

S LR 78 Ry | o
v

—[p" = Pgradn” + (V[ - 3" 7(N’g) dnf| - wp -
I : Pr o9 grad n Wp

B RTUL (g

owk
—nF a0 gradpF} ~dyp +
L \I/ 9 8\11F Ll
N Pr F F 1
+al pt T oS — —+7F+ —5 — —5 ) — 5Wp-Wp +
{ pFR ZY;( PR pl, pSR) 2
pFRpSR dpk PR 9ns
A
_Z FT[ F—p}vv-vs—l—%p}vv-vw}zo.
PF

" opy

Evaluation of this inequality leads to restrictions that must be fulfilled by thermody-
namically consistent processes. The inequality as a whole is sufficiently fulfilled if each
single term of the inequality fulfils the inequality itself, which is the standard evaluation
procedure as described by Coleman & Noll (1963).
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Appendix C: Implementation details

Executing a legacy application as a web service with tight binding to calling instance,
makes it necessary to provide information on the internal state of the application through
the external web-service interface. This can be done by submitting all changes of the
internal state variables to the web-service wrapper. The observable template class, which
is part of the PANDAS callback stub provides such an interface.

C.1. Observable template class

The observable template class provides an abstract interface for variables and parameters
that are monitored by the web-service wrapper. It is designed such that an existing
variable can be declared as observable with minimal changes of the source code. More
precisely, for using the observable template class only the definition of the variable must
be changed, where the variable type is used as template parameter C.

Thereby, the private member function reportChange (), which is called whenever the
value of the observable is changed, notifies the web-service wrapper. In detail, a SOAP
message containing simulation ID, the variable name, the new value and the type of the
variable is sent to the web-service wrapper:

<?7xml version="1.0"7>
<soap:Envelope xmlns:soap="http://www.w3.0rg/2003/05/soap-envelope">
<soap:Body>
<sc:SimulationCallback xmlns:soap="http://get-pandas.com/sc">
<sc:reportVariableChange>
<sc:simID>42</sc:simID>
<sc:VariableName>time</sc:VariableName>
<sc:VariableType>double</sc:VariableType>
<sc:VariableValue>43.5</sc:VariableValue>
</sc:reportVariableChange>
</sc:SimulationCallback>
</soap:Body>
</soap:Envelope>

C.1.1. Member variables

Beside the value of the observed variable, also its name must be stored. The variable name
used in the source code cannot be determined at runtime from the executable, since it is
replaced during compilation. Instead, the variable name must be stored as an additional
constant member variable.

1|///@file observable.h

2

3| template <class C> class Observable{
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private:
C value;
const std::string name;

Therein, following Stroustrup (2000), the constant modifier is required to allow further
optimisations by the compiler and linker.

C.1.2. Member functions

To assure that using the observable class instead of the original class requires no changes
of the source code, implicit conversion between the observable class and the observable
type must be provided by member functions. In particular, an assignment operator as
well as conversion operators are implemented.

Constructors

To construct an observable, at least its name and type must be provided. Thereby, the
variable type is used to instantiate the template. In addition, an initial value can be
passed to the object. If no initial value is provided, the constructor uses the standard
constructor of the template type if applicable. If no standard constructor is applicable at
compile time, the compilation fails.

public:
Observable( const std::string & name, const C & value = C()):
value (value),
name (name)

this->reportChange () ;

After initiation, the constructor reports the new value to the wrapper. To initiate the
member variable value, the template type must provide a copy operator, else instantiation
will fail. Furthermore, note that the this-pointer in line 12 is required by the C++ ISO
standard. Otherwise, the instantiation and usage of the member function cannot be
guaranteed if a function with the same name is defined at global or namespace scope.
More precisely, if the function call in line 12 was not qualified by the this pointer and a
global function reportChange() is found in the lookup table, an ISO conform compiler
links to the global function instead of initiating the member function of the template
class. However, in this special case, not all compilers do behave according to the standard
(SchneeweiBl, 2012, p. 228).

By default, if no standard constructor and no copy operator are defined, a C++ compiler
provides these operations. These standard constructor initialises all member variables
by calling their standard constructor, and the copy operator of the compiler copies all
member variables by calling their standard copy operator. Using these functions, the
constant variable name is either initialised with an empty string or with the name of
another observable. Both results are not desirable. Therefore, to preclude an accidental
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use of these functions, they are declared as private member functions and remain without
definition.

14
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private:
Observable( );
Observable (const Observable & );
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The declaration as private functions inhibits the definition of the default operators and
leads to a compiler error, if the functions are called from outside of the class scope.
Furthermore, an accidental function call inside the class scope leads to a linker error since
the functions are not defined.

Assignment operator

The assignment operator enables the assignment of arbitrary values to the Observable
class, which are then stored in the member variable value. After assignment, the new
value is forwarded to the wrapper.

public:
Observable<C>& operator=(const C & value){
if (this->value != value){
this->value = value;
this->reportChange () ;
}

return *this;

Conversion to a constant reference

The Observable is converted to a constant reference of the template type either by ex-
plicitly calling the member function value() or implicitly via the conversion function
operator const C &. Both functions return a constant reference to the member vari-
able value.

inline const C & value() comnst{
return this->value;

3

inline operator const C&() const{
return this->value;

}

Since constant references provide only reading access to their value and no assignment
is possible, it is not necessary to report the conversion to a constant reference to the

wrapper.
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Conversion to a pointer to a mutable

The most difficult part of the implementation is the conversion to a mutable object. It is
required to allow for function calls that require a pointer to the value of the observable
as parameter. Thereby, the major challenge is to ensure that the wrapper is notified
after the value that the pointer addresses, has been changed. This task is handled by
the internal pointer classes. Whenever a mutable is required, the observable generates a
pointer object which is then implicitly converged to the required pointer. At the end of
its life-time, the deconstructer of the pointer object informs the wrapper.

class Pointer {
Observable<C> & obs;
public:
~Pointer () {
this->obs.reportChange () ;
}

All constructors of the pointer class are declared as private functions and only one con-
structor, which requires a reference to the respective observable is defined. That means,
a pointer object can only be generated by its member functions and by member functions
of the observable class, which is declared as friend.

private:
Pointer (Observable<C>& obs):
obs (obs) {};
friend class 0Observable<C>;

Pointer (const Pointer &);
Pointer () ;

The conversion operator is required to implicitly convert the pointer object to the required
pointer of the observable type. It returns a pointer to the value of the observable.

public:
inline operator C*(){return &(this->obs.value);};

};

The pointer object is generated by the address operator & of the observable, which is
usually called to return a pointer to the address of the object.

inline Pointer operator&(){
return Pointer (*this);

3

The member function reportChange() is called whenever the value of the Observable
changes. It is responsible for sending the update information to the web-service wrapper
via the callbackProxy. If no callback proxy exists, i.e., PANDAS is running in local
mode, the function returns without doing anything. Else value, name and type as well
as the simulation id are stored in the structure message, which is then used to call the
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reportVariableChange () function of the callback proxy. The response variable reply is
just a dummy variable that contains no information. The variable type is not stored as
variable, but returned by the function getTypename().

inline void reportChange (){

if (callbackProxy == 0)
return;
_nsl__reportVariableChange message;
{
std::ostringstream ss;
ss << ::s8imlID;
message.SimID = ss.str();
X
message.VariableType = this->getTypename () ;
{
std::ostringstream ss;
ss << value;
message.VariableValue = ss.str();
3
message.VariableName = name;

nsl__reportVaribaleChangeResponse reply;

if (callbackProxy->reportVariableChange (&report, reply)){
callbackProxy->soap_stream_fault(std::cerr);
}
}

std::string getTypename () const;

}; // class observable

The function getTypename () must be declared and defined for all types that are used as
Observable.

template <> std::string Observable<int>::getTypename () const;
template <> std::string Observable<std::string>::getTypename () const;

template <> std::string Observable<double>::getTypename () const;

The definition of the functions must not be located in the header file, but in an additional
source file.

///@file observable.cpp

template <> std::string Observable<int>::getTypename () const{
return "int'";

}

template <> std::string Observable<std::string>::getTypename () const{
return "string";

}

template <> std::string Observable<double>::getTypename () const{
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return "double";

12| }
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C.1.3. Usage

The Observable class is designed to requires only minimal changes of the implementation
code for its usage. In general, variables that are reported to the web-service wrapper are
global or static variables that are available during the whole execution of the program.
To define a variable as an Observable, it is usually sufficient to change only the variable
declaration.

///@file usage.cpp
// int subject (0);
webservice::0bservable<int> subject ("test",0);

Functions that use the Observable as constant or pointer can remain unchanged. However,
note that functions that require a mutable reference variable are not implemented in
PANDAS, and therefore, their usage is not yet supported.

void f(intx* i)

{
*i = 42;
}
void g(const int * i)
{
std::cout<<*i<<std::endl;
}
void h(const int & i)
{
std::cout<<i<<std::endl;
}

The functions f(int* i) and g(const int* i) have a pointer as parameter. If they
are called, the address operator returns a pointer object, which is implicitly converted to
a pointer to the value of the observable. When the functions return, the pointer object
reaches the end of its scope, and the destructor passes the changes to the web-service
wrapper.

void test_subject ()
{
g(&subject) ;
f (&subject);

However, the destructor always informs the web-service wrapper also if the value is not
changed at all. Therefore, to speed up execution, calling the member function value() is
recommended, when a pointer to a constant is required. This avoids an unnecessary call
of reportChange ()
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g(&subject.value ());

When the observable is assigned to a variable of the observable type, it is implicitly
converted to a constant reference. Therefore, it is not necessary to change functions that
are called by value or need a constant reference as parameter.

int test = subject;
h(subject);

Furthermore, when a constant value is assigned to the Observable, the assignment operator
is called, which automatically informs the wrapper.

subject = 14;

Attention must be paid when the Observable is assigned to a pointer. In this case, the
pointer object is destroyed after the assignment operator returns. Therefore, assignments
to the pointer change the value of the Observable and are not reported to web-service
wrapper automatically, but require an explicit call of reportChange();

int * pointer = &subject;//Pointer object is generated
//Pointer object is destroyed and calls reportChange ()
pointer*x = 33;

f(pointer) ;

subject.reportChange () ;
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