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Summary Several studies on chondrocyte seeded hydrogels in bioreactor culture report increased

mechanical properties of mechanically loaded constructs compared to unloaded free swelling con-

trols despite no significant differences in biochemical composition. One possible explanation is that

changes in the collagen architecture of dynamically compressed constructs lead to improved me-

chanical properties. Collagen molecules are incorporated locally into the extracellular matrix with

individual stress-free configurations and orientations. In this study we isolated and computationally

investigated possible influences of loading on the collagen architecture in chondrocyte seeded hy-

drogels and their resulting mechanical properties. Both the collagen orientation and its stress-free

configuration were hypothesised to depend on the local mechanical environment. Reorientation of

the collagen network alone in response to dynamic compression leads to a prediction of constructs

with lower compressive properties. In contrast, remodelling of stress-free configurations of collagen

fibres was predicted to result in compacted tissues with higher swelling pressures and an altered

pre-stressed state of the collagen network. Combining both mechanisms resulted in predictions of

construct geometry and mechanical properties in agreement with experimental observations. This

study provides support for the hypothesis that structural changes to the collagen network contribute

to the enhanced mechanical properties of cartilaginous tissues engineered in bioreactor culture.
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1 Introduction

The aim of functional tissue engineering is to create viable substitutes to repair damaged tissues.

Many tissue engineering strategies rely on some form of scaffold or hydrogel that is seeded with

and infiltrated by cells. The cells then synthesise phenotype-specific extracellular matrix (ECM),

ideally generating a mechanically functional tissue. The specific biomolecules synthesised by the

cells and incorporated into the ECM make up the tissue composition which in turn dictates the

basic biomechanical properties of the tissue. The relationships between tissue composition and me-

chanical function have been the subject of many studies on articular cartilage (e.g. [1, 2, 3]).
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Besides the biochemical composition another key determinant of biomechanical performance is the

structural arrangement of the various constituents and their interactions. Connective tissues usually

have a very distinct collagen architecture: Articular cartilage exhibits a typical zonal variation in its

collagen network ranging from parallel to the articular surface in the superficial zone to perpendic-

ular in the deep zone [4]; collagen fibres in the menisci are predominantly oriented circumferentially

leading to a transversely isotropic material with a very high circumferential stiffness [5]; other exam-

ples of soft tissues with a highly organised collagen structure include tendons, ligaments, periosteum

and arteries.

Biological tissues adapt their structure to their mechanical environment [6]. A collagen architecture

responsive to the mechanical environment has been observed and computational models have been

used to study this phenomenon in many tissues, including cardiovascular [7, 8, 9, 10, 11], articular

cartilage [12, 13, 14, 15], tendon [16] and during skeletal tissue regeneration [17, 18]. In many of

these studies the collagen network has been hypothesised to align with respect to the principal

directions of local mechanical regulators. In addition to orientational remodelling the notion of

natural configurations has been documented. Since proteins are incorporated into the extracellular

matrix at different time points and different deformation states, they have individual stress-free

configurations [19]. Due to ongoing synthesis, degradation and remodelling the tissue’s stress-free

configurations evolve. In the context of a collagen fibre, an implication of this is that the recruitment

stretch, i.e. the stretch at which the fibre becomes uncrimped and begins to bear load, can evolve.

Remodelling of this stress-free state plays a role in scaffold contraction [20] and tissue growth and

remodelling [21, 22, 23, 24].

Articular cartilage has been in the focus of numerous tissue engineering studies [25, 26, 27, 28].

Many of these have shown increases in metabolic or synthetic cell activities due to dynamic loading

in addition to enhanced mechanical properties [29, 30, 31, 32, 33]. Other studies on chondrocyte

seeded hydrogels in bioreactor culture have found increased mechanical properties of mechanically

loaded constructs compared to unloaded free swelling controls despite no significant differences in

biochemical composition [34, 35, 36, 37]. Similar results have been observed for mesenchymal stem

cells undergoing chondrogenesis while subjected to dynamic compression [38].

Enhanced structural organisation has been suggested as one possible explanation for these latter

results in the experimental literature ([39, 40, 35, 37]). However, this has not been directly tested

experimentally and its influence – both in nature and in magnitude – on the mechanical properties

remains largely unknown. Dynamic loading causes biochemical, biomechanical, compositional and

nutritional alterations that are all potential contributors to the observed changes. Unravelling the

relative contribution of the involved mechanisms is complex and challenging. Computational mod-

els offer the advantage of allowing for systematic investigation of individual mechanisms without

altering other aspects of the system, which is often not feasible experimentally. The hypothesis

under investigation in this study is that changes in the local collagen orientation and/or stress-

free configuration in response to loading can lead to enhanced bulk mechanical properties of tissue
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engineered cartilaginous constructs due to mechanical loading in the absence of alterations to the

biochemical composition, i.e. material parameters. To test this hypothesis, model predictions of

changing construct geometry and mechanical properties due to structural changes in the collagen

network in response to dynamic compression will be compared to the results of bioreactor stud-

ies where chondrocyte seeded agarose constructs are subjected to dynamic compression [35, 36].

Structural changes to the engineered tissues were studied using a previously developed remodelling

framework [41]. This and similar frameworks have been successful in predicting changes in colla-

gen fibre orientation and stress-free configuration in a large number of biological tissues and cell

seeded hydrogel systems which suggests that the underlying principles are of general significance in

load-bearing tissues.

2 Materials & Methods

2.1 Material Model

A large strain biphasic material model with osmotic swelling effects was used [42, 43]. The total

stress σ in the biphasic medium is given as:

σ = −(p+∆π)I + σE (1)

Here, p is the hydraulic pore pressure, σE the solid extra Cauchy stress and ∆π the Donnan osmotic

pressure inside the tissue given by

∆π = 2RT

[√
c2ext +

(cF0φF0)2

4(J − φS0)2
− cext

]
(2)

where R = 8.3145 Nmm
mmolK is the universal gas constant, cext the external salt concentration, T the

absolute temperature, cF0 the initial fixed charge density and J the determinant of the deformation

gradient F . The initial porosity φF0 and solidity φS0 are linked via the saturation condition φF0 +

φS0 = 1.

The solid extra stresses were derived from free Helmholtz energy density functions that were split

into isotropic and anisotropic parts. For the isotropic part we used a Neo-Hookean formulation

ψiso = C1(I1 − ln I3 − 3) +D2(ln I3)
2 (3)

with the first and third principal invariant I1 and I3 of the right Cauchy-Green tensor C = F
T
F .

To describe structural remodelling of the collagen network an evolving remodelled configuration

was introduced via a multiplicative decomposition of the deformation gradient

F = FeFr (4)

The part of the deformation denoted by Fr occurred stress-free in the collagen network while the

elastic deformation Fe contributed to the stress response. Conceptually this can be visualised by
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the interplay between the free-rotating link element and the spring in the uniaxial model in Fig. 1.

With the definition of elastic right Cauchy-Green tensors Ĉe = F
T
e Fe the energy potential for the

anisotropic tissue response was modelled using a continuous angular fibre distribution following a

formulation used in [44]

ψaniso = C4(a0) [I4 e − 1]β(a0) (5)

with I4 e ≥ 1 and β(a0) ≥ 2

with the anisotropic material parameters C4(a0) and β(a0) defining the (strain dependent) stiffness

in a fibre direction a0. The modified invariant I4 e = tr (M̂Ĉe) = λ2f ensured that collagen fibres

only contributed stresses once the fibre stretch reached a certain transition value. Here, M̂ is the

unit structure tensor of a family of fibres in the remodelled configuration [41].

Collagen network anisotropy was described using an anisotropy tensor

Ξ =
3∑

i=1

ξiwi ⊗wi (6)

with the principal values ξi prescribing the degree of structural anisotropy. When the components

of the direction vector a0 were expressed in terms of the basis {wi} as a0 = cosΘ sinΦw1 +

sinΘ sinΦw2+cosΦw3, the material parameter C4 in a fibre direction were derived via an ellipsoid

representation [44] that could be scaled with a parameter m to allow for adjustment of the degree of

anisotropy (increasingm leads to a higher degree of ellipticity in the material parameter distribution

than given by Ξ)

C4(a0) =

[
(cosΘ sinΦ)2

ξ2m1
+

(sinΘ sinΦ)2

ξ2m2
+

(cosΦ)2

ξ2m3

]
−

1

2 C̄4

rm
(7)

where C̄4 is a baseline material parameter and rm = 1
3(ξ

m
1 + ξm2 + ξm3 ) the mean radius of the

ellipsoid. The division by rm is performed such that in the case of a spherical tensor Ξ one always

gets C4(a0) = C̄4 irrespective of the magnitude of the scaled eigenvalues ξm1 = ξm2 = ξm3 . A

numerical processing step ensured constant total fibre network stiffness independent of the degree

of ellipticity (i.e. “constant” amount of collagen).

2.2 Fibre reorientation due to remodelling

The collagen network was assumed to remodel its orientation with respect to the local deforma-

tion such that the fibre network is reinforced in stretched directions and weakened in compressed

directions. Using the spectral decomposition of the right Cauchy-Green tensor

C =
3∑

i=1

λ2ini ⊗ ni (8)

a rotation velocity vector ω could be derived (for details see [41]) that describes the amount of

rotation of the orthonormal basis {wi} of Ξ towards the orthonormal basis {ni} of C proportional
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to the angle θ between both systems and depending on a time constant τf :

ω =
θ

πτf
e (9)

where e is the rotational axis. With the skew-symmetric tensor ω̂ corresponding to the vector ω, the

basis vectors of Ξ were then updated in a time increment ∆t using an exponential map algorithm

w
n+1
i = exp(ω̂∆t)wn

i (10)

The eigenvalues of Ξ were updated based on the squared principal stretches using a linear rate

equation:

ξ̇i =
1

τf
(λ2i − ξi) (11)

2.3 Remodelling of the stress-free configuration

The stress-free configuration of the collagen network was modelled to evolve based on the assumption

that collagen fibres remodel towards a homeostatic stretch value λh at which they reside in the

matrix. Collagen fibres only contributed to load bearing once stretched above their recruitment

stretch λr. Corresponding to the uniaxial analogy in Fig. 1, in three dimensions the corresponding

geometric information was included into the definition of the remodelling part of the deformation

gradient

Fr =
3∑

i=1

λr(wi)wi ⊗wi (12)

Once loading disturbs the homeostatic state of the network and fibres are no longer stretched

at their homeostatic value λh the recruitment stretch has to change in order to restore tensional

network homeostasis. This new desired recruitment stretch λ0 is related to the applied stretch λ

via λ0 = λ/λh. The recruitment stretch evolution towards λ0 was governed by the rate equation

λ̇r =
1

τf
(λ0 − λr) (13)

2.4 ECM synthesis

The accumulation of extracellular matrix (ECM) components such as proteoglycans (PG) and col-

lagen (COL) in cell seeded hydrogels leads to increases in their mechanical properties which changes

the stimuli imposed by the bioreactor. Since only the basic phenomenological aspects of biomolecule

deposition were of interest, a bilinear model of constituent synthesis was assumed: Initially, a con-

stituent is secreted at a constant rate. Once it reaches a designated final concentration (m̄α) that

level is maintained constant:

ṁα = const. , 0 ≤ mα < m̄α (14)

ṁα = 0 , m = m̄α (15)
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where mα is the current mass of constituent α, i.e. PG or COL. Final amounts of PG and COL

were chosen to be 8% w/w and 16% w/w, respectively. We assumed that PG production levels

off after 42 days and that collagen production is 6 times slower. This is in line with experimental

observations showing that after 42 days in culture COL content reaches only a fraction of native

values whereas PG build up more quickly [35, 36]. In accordance with the study objective and

experimental observations [34, 35, 36], synthesis rates were modelled independent of mechanical

stimuli. Therefore, differences in the predicted mechanical properties of dynamically compressed

and free swelling constructs in these simulations are purely due to changes in collagen orientation

and configuration due to loading.

It was assumed that the material properties of the isotropic ground phase C1,D2 remained at agarose

values. The fixed charge density cF0 was directly related to the current proteoglycan content. The

anisotropic material parameter C̄4 was related to collagen content. This is in general agreement

with studies that relate tissue composition to mechanical properties [1, 45, 46, 2, 3]. For simplicity,

we assumed a simple linear connection between the material parameters and the constituent levels:

cF0 = cF0(Cart)
mPG

m̄PG

(16)

C̄4 = C̄4(Cart)
mCOL

m̄COL

(17)

2.5 Boundary Conditions

In this study boundary conditions were modelled according to the bioreactor culture protocols used

in [35] and [36]. Cylindrical cell seeded constructs were either left free swelling for the entire culture

period (FS group) or loaded for 3 hours a day in cyclic unconfined compression and left to swell

freely during the remaining 21 hours (DL group).

For remodelling studies the current tissue deformation is of interest. Free swelling could be modelled

as an equilibrium load step (p = 0). However, it is impractical due to computational limitations to

model 3 hours of cyclic loading at 1Hz (10800 cycles) of a highly nonlinear material. Therefore two

simplifying model assumptions were compared:

1. Based on the behaviour of cyclically loaded biphasic materials relaxing to a mean deformation

state (see online supplementary material, part A) and the assumption that characteristic time

scales at which remodelling occurs are long compared to 1 s (“biological inertia”, see online

supplementary material, part B) cyclic loading was modelled as an equilibrium load step to

the mean level of compression (10%).

2. Since remodelling could alternatively be directed towards the maximum deformation during a

cycle the equilibrium step was followed by a quasi-incompressible compression by the dynamic

amplitude (additional 5%). Incompressibility could be assumed due to the high loading rate

(see online supplementary material, part C).
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2.6 Evaluated quantities

Construct properties were evaluated in terms of the nominal equilibrium modulus Enom and the

apparent equilibrium Poisson’s ratio νapp. Additionally, the FS geometry was evaluated in terms of

volume and aspect ratio (defined as the ratio of lateral to axial strain in the FS state with respect

to the reference geometry prior to swelling). The direction dependent recruitment stretch λr and

collagen fibre reinforcement ξ were plotted as well.

2.7 Performed simulations

The performed simulations are listed in table 1. Both free swelling (FS) and dynamically loaded

(DL) experiments were simulated. Unless otherwise stated in table 1, loading was applied for 3

hours per day. Remodelling either took place with respect to the mean deformation (DL) or the

maximum deformation (DL max) during compression.

In “configuration only” simulations, only the recruitment stretch was remodelled and an isotropic

fibre stiffness assumed (Ξ = I). The value of the homeostatic strain ǫh was subjected to a parameter

variation.

In “orientation only” simulations, the recruitment stretch was kept unchanged (Fr = I) while the

fibre stiffness representing orientational effects was allowed to remodel. Since varying m does not

produce additional qualitative insight, only one representative simulation was performed.

The “combination” simulations finally combined both effects. This group was used to study the

effect of extending the duration of dynamic compression to 6 and 9 hours per day with the m = 50

& ǫh = 2% parameter set. To study the relative effects of m and ǫh, m was decreased to 10 in a

second set of simulations. The parameter values used for all simulations are listed in table 2.

Unless otherwise stated, predicted values at day 56 are provided in the results section. Since both

loading and geometry were axisymmetric, the material homogeneous and the model deterministic,

constructs remained homogeneous throughout culture. Hence, presented results are representative

of any point in the construct geometry.

3 Results

3.1 Fibre distribution

Remodelling of the fibre orientation was predicted to lead to anisotropy in loaded samples whereas

free swelling samples were predicted to remain isotropic (Fig. 2). Simulations where only fibre

reorientation was considered (Fig. 2a) showed a slightly more anisotropic tissue when remodelling

towards the maximum deformation during dynamic loading (DL max) than when remodelling to the

mean configuration (DL). Maximum stiffness values were observed in the radial (and circumferential)

direction (0◦ to horizontal) due to fibre reorientation in this direction, whereas the lowest fibre
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Table 1: Performed simulations

remodelled feature parameters simulations

configuration

ǫh = 1.5% FS, 3 h DL, 3 h DL (max)

ǫh = 2% FS, 3 h DL, 3 h DL (max)

ǫh = 3% FS, 3 h DL, 3 h DL (max)

orientation m = 50 FS, 3 h DL, 3 h DL (max)

combination

m = 50 & FS, 3 h DL,

ǫh = 2.0% 6h DL, 9 h DL

m = 10 & FS, 3 h DL

ǫh = 2.0%

Table 2: Material parameters.

agarose cartilage

C1 [MPa] 4.34· 10−3 4.34· 10−3

ν [-] 0.1 0.1

φF0 [-] 0.98 0.8

C̄4 [MPa] 0.0 2.0

β̄ [-] 2.5 2.5

cF0 [meqmm−3] 0.0 0.0002

k [m4 (N s)−1] 6.61 · 10−13 7.5 · 10−15

cext [mmolmm−3] 0.00015 0.00015

T [K] 298 298

τf [d] 2 2
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stiffness was predicted in the axial direction (90◦ to horizontal).

This trend was maintained in the simulation where realignment was combined with reconfiguration

(Figs. 2b and 2c). Increasing the time of dynamic loading from 3 to 6 and 9 hours further increased

the anisotropy of the tissue. When the scaling parameter m was decreased from 50 to 10, the

collagen architecture itself was predicted to be more anisotropic (Fig. 2c).

3.2 Recruitment stretch distribution

The recruitment stretch distribution remained isotropic in the free swelling samples with anisotropy

developing in the loaded samples (Figs. 3a to 3e). The transition stretch with respect to the reference

configuration was predicted to increase in the horizontal (radial and circumferential) direction in

loaded samples, while it was predicted to decrease in the axial direction. The anisotropy was

slightly more pronounced when remodelling was driven by the maximum compressed deformation.

The parameter variation of ǫh yielded lower recruitment stretch values for higher values of ǫh as

well as a slightly decreasing degree of anisotropy (Figs. 3a to 3c). In the combined simulations

(where both reorientation and reconfiguration occurred), the recruitment stretch distribution was

less anisotropic with generally lower values for longer compression times (Fig. 3d).

3.3 Sample Geometry

A higher recruitment stretch in the horizontal direction will lead to preferred swelling into that

direction, since fibres start to inhibit deformation at a later stage. A higher fibre stiffness in the

horizontal direction however will lead to more swelling into the vertical direction. Hence, in the

reconfiguration only simulations, samples with an aspect ratio of ǫ0r/ǫ
0
z ≥ 1, i.e. lower and wider

samples, were predicted (Figs. 4a to 4c). In the reorientation only simulations however, the opposite

trend, i.e. a higher and more slender sample was predicted (Fig. 4d). For all simulation cases, the

free swelling samples remained isotropic and hence maintained an aspect ratio of 1 (Figs. 4a to 4d).

With increasing homeostatic strain ǫh the FS volume of the samples decreased significantly from

≈ 66mm3 for ǫh = 1.5% to ≈ 39mm3 for ǫh = 3.0%.

In the combined simulations, fibre reorientation led to a decreasing aspect ratio when the scaling

parameter m was high (Fig. 7e) but increasing aspect ratios were predicted when a lower value of

m = 10 was chosen (Fig. 4f). In both cases reconfiguration led to decreasing free swelling volumes

in the loaded samples (Figs. 7e and 7f). When loading was simulated for 9 h a day, the FS volume

increased again compared to the sample loaded for 6 h. During the initial 14 days of culture, sample

volumes and heights were predicted to decrease followed by an increase during the remaining culture

period (Fig. 8b).

3.4 Young’s Moduli

Strain dependent Young’s moduli predictions exhibited stress softening effects (Figs. 5a to 5d).

Reconfiguration lead to a stiffness increase in the loaded samples with little difference between
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remodelling to the maximum or mean deformation (Figs. 5a to 5c). The magnitude of homeostatic

network strain ǫh furthermore has a pronounced effect on overall sample stiffness, covering a stiffness

range at 10% strain from ≈ 0.4 to ≈ 1.4MPa when increasing ǫh from 1.5 to 3%. This was due to

the increased amount of pre-strain in the fibre network as well as the associated sample compaction

(compare sample volumes in Figs. 4a to 4c). Reorientation on the other hand led to less fibres

pre-strained in the loading direction and hence initially softer samples when the constructs were

loaded (Fig. 5d).

Combining realignment and reconfiguration caused combined effects. Loaded samples appeared

softer than free swelling samples initially but were predicted to have higher stiffnesses with increasing

deformation (Figs. 7a and 7b). This effect was more pronounced when loading for 6 h instead of 3 h.

However, increasing the time of loading even further did not translate into increased mechanical

properties but decreased construct stiffness again (Fig. 5e).

For the combined simulation with m = 50 and ǫh = 2% the transient construct development was

evaluated at days 0, 12, 28 and 56 in terms of Young’s moduli of the FS and DL3 samples (Fig. 8a).

Loaded samples were predicted to be stiffer at all time points. The moduli increased monotonically

until day 42. Despite an increasing collagen content after day 42, construct properties at day 56

were lower due to the ongoing remodelling of the collagen network than at day 42 (Fig. 8a).

3.5 Poisson’s ratios

Poisson’s ratio were only marginally influenced by dynamic loading in the reconfiguration only

simulations (Figs. 6a to 6c). Fibre realignment, however, led to significant decreases in the Poisson’s

ratios due to dynamic loading (Fig. 6d). The orientational effect was even more pronounced in the

combined simulations with an increasing time of loading leading to decreasing Poisson’s ratios and

less pronounced nonlinear behaviour (Fig. 6e). For a lower value of m the decrease in Poisson’s

ratio was less pronounced but generally similar to the m = 50 simulation (Fig. 6f).

4 Discussion

In this study we used a computational model based on previous work [41] to investigate changes in

the mechanical properties of cell seeded agarose constructs in bioreactor culture from a structural

perspective. To the best of our knowledge, this study represents the first theoretical investigation of

mechanically induced changes in the orientation and stress-free configuration of the collagen network

in a swelling hydrogel during bioreactor culture, and furthermore demonstrates for the first time how

alterations to this network can lead to improvements in the mechanical functionality of engineered

cartilage tissue. We hypothesised that remodelling of the collagen architecture of tissue engineered

constructs in response to dynamic compression can lead to enhanced bulk mechanical properties

in the absence of alterations to the biochemical composition, as reported experimentally [34, 35,

36, 38, 37]. Traditionally, collagen fibre orientation is the main architectural feature considered.

Fibre reorientation in response to loading, however, caused decreases in bulk construct compressive
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stiffness due to the charged nature of the material [43]. The present model additionally considered

the local natural configuration of the collagen network. The model predicted that collagen network

reconfiguration leads to increased equilibrium moduli while reorientation leads to lowered Poisson’s

ratios. The model further predicted that the FS geometry of loaded and unloaded samples differs

depending on the dominant remodelling mechanism involved. Only when both conformational and

orientational changes were considered, could the trends in Young’s modulus, Poisson’s ratio and

sample geometry be predicted simultaneously.

Changes to the collagen’s natural configuration were predicted to impact tissue properties by

altering the volumetric compaction of the developing tissue and the state of pre-strain in the collagen

network. During loading the constructs occupy less volume than in their FS state due to the

exudation of fluid. Collagen fibres are laid down and / or remodelled in this configuration. Therefore,

for a given homeostatic strain value, the DL samples are compacted to a smaller volume in their

unloaded states and hence appeared stiffer due to higher swelling pressures [43]. A lower volume

in DL constructs (52.9mm3) compared to FS samples (53.1mm3) at day 42 has been observed

experimentally [40]. In addition to altering the volumetric compaction, remodelling the natural

configuration also caused changes in the stress softening phenomena associated with the tension-

compression nonlinearity [47, 44, 43], with higher collagen network pre-strains predicted to increase

the apparent mechanical properties of the construct at equilibrium. Additionally, altering the stress-

free state of the collagen network due to loading was predicted to lead to increased aspect ratios,

i.e. increased sample radii and decreased heights. Corresponding results have also been reported

experimentally [40] where flattening and widening of the samples were observed with a height to

radius ratio of 1.02 and 0.91 for FS and DL samples, respectively. Dynamically loaded samples that

were up to 20% thinner in the loading direction than free swelling controls has also been reported

[34].

That collagen is incorporated into cartilage ECM under pre-stretch with respect to the free

swelling configuration can be demonstrated by digesting the collagen in a cartilage plug and observ-

ing its subsequent re-swelling (e.g. [48, 49]). The actual value of ǫh is speculative and the natural

configurations can only be approximated using inverse simulations. The parameter variation of ǫh

showed that increasing its value will have a significant effect on construct stiffness.

Experimental evidence is also available for reorientation of the collagen network within en-

gineered cartilaginous constructs in response to extrinsic mechanical signals. For example, no

preferred collagen angle has been found using polarised light microscopy in free swelling tissue en-

gineered cartilage while a maximum intensity perpendicular to the loading axis indicates horizontal

fibre alignment in dynamically compressed samples [40]. The model also predicted an isotropic

fibre architecture in free swelling samples while the maximum value of the anisotropy tensor Ξ was

predicted in the horizontal direction within the loaded samples. The apparent Poisson’s ratio of

engineered cartilaginous constructs has been shown to be lower for loaded (≈ 0.17) than for free

swelling (≈ 0.23) samples [40]. Reorientation of the collagen network was predicted to result in
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similar changes to the Poisson’s ratio of dynamically compressed constructs. Horizontal fibres are

more efficient at resisting lateral expansion, which explains the decreases in the Poisson’s ratio of

the loaded samples. In contrast, the experimentally observed increases in the equilibrium moduli

could not be explained by fibre reorientation. Fibre reorientation alone was predicted to lead to

higher constructs with a smaller diameter, not consistent with experimental observations [34, 40].

Therefore while fibre reorientation can potentially explain certain experimentally observed phenom-

ena during bioreactor culture such as decreasing Poisson’s ratio, it alone cannot explain the effect

of dynamic compression on the structural development of engineered cartilaginous constructs.

When combining collagen network realignment and recruitment stretch reconfiguration, a com-

bination of the individual results was predicted. While lower construct properties in the loaded

samples were predicted in the initial small strain range, loading led to increased equilibrium prop-

erties at higher strains (≈ 5% strain and higher). A lower Poisson’s ratio was also predicted.

Thus, combining reorientation and reconfiguration allowed the simultaneous prediction of increased

Young’s moduli and decreased Poisson’s ratios as well as geometrical changes. The interaction of

the various constituents was predicted to lead to initial decreases in construct thickness and volume

during the initial 14 days of culture followed by an increase thereafter. Initial decreases in sample

thickness with subsequent thickening have also been reported experimentally [34]. Our model also

predicted a slight increase in equilibrium modulus for 6 h of dynamic compression compared to 3 h

(at 10% applied strain). However, for 9 h of loading the modulus was predicted to decrease again

to the level reached after 3 h of loading. This should be seen as a qualitative result. The exact

duration of dynamic compression that will produce the stiffest constructs will depend on the pa-

rameter values chosen, which are yet to be identified, and other biological effects. Experimentally,

no increase in the Young’s modulus of engineered constructs has been observed for increasing the

daily duration of dynamic compression from 3 to 6 hours [50].

In addition to the daily duration of applied dynamic compression, the total duration of culture

will also determine construct mechanical properties. For example, a levelling off of GAG accumula-

tion has been reported for the last two weeks of an 8 week study, while the collagen content continued

to increase [34]. Despite that, stiffness values plateaued or even decreased [34]. Our model similarly

predicted that after day 42 construct mechanical properties decreased despite increasing collagen

content. This was due to ongoing remodelling, namely reconfiguration of the collagen fibres slowly

releasing any excess tension in the collagen network previously built up due to increasing swelling

pressures. This result emphasises the importance of tissue structure and can partially explain the

difficulties in obtaining composition-function relationships. The latter are usually obtained relating

bulk biochemical content to biomechanical properties and, as the simulations show, can only be an

estimate if structural aspects are neglected.

A number of assumptions had to be made in developing this model. To capture the evolution

of the material parameters used in the constitutive model they were related to the main ECM

constituents: PG and COL. This evolution was described by a simple bilinear relationship capturing
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he basic trends observed in bioreactor culture: Faster PG and slower COL production as well as

the resulting increase of construct properties over time. If the synthesis (and degradation) of the

constituents itself becomes the focus of study, more sophisticated models will be required. The

increases in PGs led to increasing construct volumes due to swelling. Because the offset strain

associated with the dynamic compression regime is applied with respect to day 0 geometry, this

caused the applied tare strain in the model to change over time in culture. In the isotropic case an

increase from 10% to over 20% (see online supplementary material, part C), paralleling experimental

observations [35], was predicted.

Both agarose and cartilage are porous media in which the pore liquid contributes significantly

to the material behaviour. Flow-dependent viscoelastic behaviours can be captured with biphasic

models [51]. The bioreactor loading regimen used in this study could be conveniently split up into

an equilibrium part, where hydraulic fluid pressurisation was negligible, and a short term quasi-

instantaneous part, where fluid flow is negligible. This enabled us to use single phasic constitutive

models and compare remodelling towards the mean and the maximum deformation. Advantages to

this approach include reduced computation times, increased robustness and no mesh refinements

towards free draining boundaries. However, the model cannot be used to investigate the fully

transient sample behaviour. Based on the equilibration behaviour of cyclically loaded biphasic

tissues and the assumption that biological remodelling takes place on a time scale significantly larger

than 1 s we were able to simulate a complete day of loading rather than merely one representative

loading cycle. Due to the small time step size it would be computationally infeasible to simulate

the complete loading protocol of a day in detail for 56 days with a full biphasic model.

Our phenomenological model makes no mechanistic distinction between cell-mediated and non

cell-mediated remodelling. Collagen network remodelling has been observed both in the presence

and absence of cells [20]. In tissues with a low cellularity, such as articular cartilage, non cell-

mediated mechanisms might play an important role. Strain dependent collagen-collagenase inter-

actions have been reported [52] such that fibres perpendicular to the direction of tensile loading

become resorbed which ultimately causes alignment. As long as the mechanism of remodelling in

cartilaginous constructs has not been resolved experimentally, simulation can potentially provide

insight into the consequences of remodelling.

Using a computational approach, we have been able to provide support for the hypothesis that

a mechanoregulated collagen architecture can lead to enhanced bulk mechanical properties of tissue

engineered constructs due to mechanical loading with the same biochemical composition as free

swelling controls. We further showed that reorientation alone, the traditionally considered architec-

tural feature, is insufficient to capture the experimental observations. This does not invalidate or

exclude other hypotheses related to the collagen network that could explain the observed phenom-

ena. Alternative mechanisms likely to be involved include collagen cross-linking and the synthesis

of other ECM proteins, such as other collagen types [53, 40, 54]. Studies on heart valve tissue

engineering [55, 56] have observed that dynamic loading did not enhance or even decreased bulk
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collagen content but did lead to increased cross-linking and mechanical properties of the tissue

engineered constructs. [54] found low levels of collagen IX and mature collagen cross-linking to be

a major contributing factor to poor mechanical properties of in vitro engineered cartilage. This

study also demonstrated that physical stimulation, via centrifugal forces, enhances the mechanical

properties of tissue engineered cartilage, implicating enhanced levels of collagen IX and collagen

cross-linking for the improvements in construct functionality. These studies suggest an important

role for cross-linking and its promotion via dynamic loading in engineering living tissue substitutes.

In phenomenological constitutive models both increases in cross-linking and bulk collagen content

could be captured via elevated material parameters. This will clearly lead to increases in the ap-

parent mechanical properties in the simulations but does not elucidate whether such phenomena

are responsible for the increased mechanical properties reported. While increased properties due

to increases in material parameters is an intuitively obvious result, changes in configurational pa-

rameters such as fibre orientation and stress-free configuration might be less transparent especially

in charged swelling materials and require appropriate models to investigate their possible contri-

bution to the observed changes. Similarly, a number of experimental studies have also shown that

dynamic loading can lead to both changes in biochemical composition and mechanical properties

[29, 30, 31, 32, 33]. Models such as that presented here might in the future be able to help decouple

the relative roles played by compositional and structural changes in determining the mechanical

properties of engineered tissues. Another possible mechanism is the altered diffusion of ECM pro-

teins within the samples due to DL. Despite equivalence of the bulk biochemical content DL could

lead to different distributions of the ECM proteins and hence affect mechanical properties [53].

However, finite element studies [57] on the local distribution of ECM in tissue engineered carti-

lage concluded that the global aggregate modulus and permeability were largely insensitive to the

microscopic matrix distribution.

While biochemical assays can help determine structure-function relationships, tissue organisa-

tion is a determinant of biomechanical functionality in its own right. The effect of organisational

alterations is difficult to investigate experimentally, since tissue structure is not easily altered and

certain structural features aside from orientation such as natural configurations are difficult to quan-

tify. Uncoupling the relative roles of tissue composition, distribution and organisation at various

hierarchical levels is a task amenable to simulation methods. In the future this modelling framework

will be extended to other cell types, particularly MSCs, combined with tissue differentiation algo-

rithms and applied to the study of in vivo healing scenarios [18]. For example, a native-like zonal

architecture is crucial for successful chondral and osteochondral defect repair. It is for this reason

that mechanoregulation algorithms need to include both tissue differentiation and architecture si-

multaneously in order to understand how environmental factors regulate tissue form and function

during skeletal regeneration.
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Figure legends

Fig. 1: Conceptual visualisation of the recruitment stretch. While the isotropic material

(bottom spring; GAGs, agarose) always carry load, the collagen network (top spring) only

contributes to the stress response when stretched beyond the recruitment stretch, i.e. when

the link element is straitened. The stretches λ, λr and λf are the one dimensional analogues

to the three dimensional deformation gradients F , Fr and Fe, respectively.

Fig. 2: Direction dependent relative structural anisotropy ξ(α)/ξm with ξm = (ξ1 + ξ2 +

ξ3)/3 at day 56. α is the angle to the horizontal (radial) direction. (a) reorientation only

simulation; (b) simulation with combined effects. A value greater than on indicates higher

than average fibre reinforcement while a value smaller than one indicates a lower than average

fibre reinforcement.

Fig. 3: Direction dependent recruitment stretch distribution λr(α) at day 56. α is the angle

to the horizontal (radial) direction.

Fig. 4: Sample volumes and aspect ratios in the free swelling state at day 56. The effect of

extending the duration of dynamic compression per day has been studied has been studied in

the m = 50, ǫh = 2% group (e).

Fig. 5: Young’s moduli at day 56. The effect of extending the duration of dynamic compres-

sion per day has been studied has been studied in the m = 50, ǫh = 2% group (e).

Fig. 6: Poisson’s ratios at day 56. The effect of extending the duration of dynamic compres-

sion per day has been studied has been studied in the m = 50, ǫh = 2% group (e).

Fig. 7: Transient construct development for 0 and 3 hours of loading at various time points in

culture. Young’s moduli at 10% strain, collagen and GAG content (a); free swelling volumes

and sample thicknesses (b) for the m = 50, ǫh = 2% simulations.
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