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Mechanical force~ may ,tct with in tissurs at t lw cellular level to regu late biolog
ical proces~es , a fie ld of ~tudy that h~ been termed mechanobiolugy. T he aim 

of computational mechanobiology is to derive sets of equations that describe t he 

change~ in cell expre~~ ion, and hence the composit ion, structure and phenotype of 
tissues, as a function of the applied mechanical st imuli. This chapter will attempt 

to review the different mechanobiological models t hat have been developed to 

relate mechan ical stimuli to tissue difrcrent iation. T he majori ty of t hese modeb 
have been used to simulate t issue d ifferentiation duri ng fracture healing or osteo

chondral defect repair. BasE'd on this review, a number of recommendations will 

be made by the author for tlH' futu rE' dPvelopment of computational models of 
t issue differentiation. 

I<cy words: Afechanobzology. tzssue dij]e1·entwtzon, fimte element model, fmctur·e 
healmg. osteochondral defect repair 

1. Introduction 

In t he embryo a met;enchymal t;Lem cell is a pluripotent progeni tor cell 

which divicles many t imes and whose progeny eventually gives rise to t he 

skeletal tiss ues: cart ilage, bone, tendon , ligament, marrow titroma, connec

t ivc t issue. as shown in Fig. 1. T he progression from stem cell to fi nal end 

phenotype iti dependant on local cuing from surrounding cells as well as sig

nals emitted by the cell itself aud Lhe reception of its own signa lling [l J. The 

premise of mechanobiology is that biological processes such as mesenchymal 

tissue differcntiaLion a re regulated by signals to cells generated by mechanical 

loading. Repositories of mesenchymal stem cells a lso reside within t he adul t 

body (e.g. marrow, periosteum), which if successfully manipulated either in 
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FIGURE l. lt is hypothe~iscd t hat connect ivc t issue cells differentiate from the 

mesenchynml cell pool in rc:;ponsc to the local mechanical and biochemical stimuli. 

Adapted by van der 1\lculen all(l Prendergast ]2] from C'aplan ]3]. 

vivo or ex vivo, cou ld be wwd a:; a cell- based therapy Lo Lrc>at cl inical prob

lem:; such a:; car tilage and bone dC'fects. To achieve th is objective will require> 

a comprci1C'ns iVC' undersl an cling, of how mechan ical loading effects Lissue dif

fNen t iat ion . 

The purpose of computat io nal mechanohiology is t.o dctc>nnine t he qua n

titative rules that govcm t he effects of mechanica l loading on biological pro

cesses such as t issue differentiation [4]. A number o f diffe rent. ::;t udie::; have 

attempted to do this by hypothesizing the relationship between the mecha

nical stimuli experienced by cells and t he ir different iation pathway. Begin

ning with the work of Fricdrich Pauwels, I his paper w ill attPmpL to review 

a number of diffe rent mechan obiolog ica l models of mecha no-regulatecl skc>le

tal tissue differentiation. foC'llsing prima rily on the mathematical framework 

of the underlying hypothese::; and on these mcthodologic::; used in their imple

mentation. vVi t h the exceptio n oft he work of Pauwcls and Perren, a ll these 

models have used the fin ite clement modelling technique to determine t he 

lllechanica l environment within the difi'E' rentia ting tissue. 
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2. Pauwels Theory 

Mcchano-regulat.ed tissue differential ion has mostly been studied during 

fracture healing of long bones or integration of orthopaedic implants. During 

these processes, bone tissue can form directly or indirectly. Dnring endo

chondral ossification (indirect bone formation) , cartilage is formed, calcified 

and replaced by hone tissue. During intramembranous ossification (di rect 

bond formation) , bone t issue forms without the iutermediate cartilage stage. 

A comprehensive review of the mechanics of bone regeneration is available 

elsewhere 151. By observing that mechanical loading of the fracture callus 

influenced bone regeneration. Pauwcls [61 recognised that the mechanical en

vironment of mesenchymal t issue can inOucnce its differentiation pathway. 

Ile proposed that two str0ss invariants, namely the octahedral shear strC'SS S 
and the hydrostatic: stress D , regulated t.hc type of soft tissue formed within 

the fracture callus. These stress invariants arc defined as 

S = lJ(O"J - 0";3)"2 + (0"2- <T:J)2 + (<T:l- <Tr)2, 

1 
D = 3(0"r + 0"2 + O":!) 

(2.1) 

(2 .2) 

where 0"1 , 0"2 , <T3 arc the principal stresses. Octahedral shear stress causes ma

terial deformation, but no change in volume, and was proposed as a specifir 

stimulus for fibrous tissue formation, whik hydrostatic stress causes a change 

in rnat('rial volume, but. no change iu distortion , and was proposed as a spe

cific stimulus for chondrogenesis. Pauwels 's icl<'as on tissue differentiation 

were ba..sed on comparisons of histological patterns in oblique pseudarthroses 

(false joint) a nd angulatecl fractures with the state of stress and strain in 

the tissue as determined by simple mechanical models, see F ig. 2 and F ig. 3. 

He noted that areas of cartilage formation consistently developed in cer

tain locations within the fracture , which he believed coincided with areas 

of hydrostatic pressure. Simi larly parallel collagen fibres or fibrous t issues 

were hypothesised to develop in area· of tissue elongation . Pauwels did not 

propose a specific stimul us for bone formation. Instead he concluded that 

bone formation occurred once cartilage or connective tissue provided a rigid 

enough template on which ossification could occur.·The ossified tissues are 

then remodelled and are replaced by secondary lamellar bone , see Fig. 4. In 

conclusion, Pauwels theory for of tissue differentiation can be interpreted as 

follows: 
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(a) (b) 

FiGURE 2. (a) Pauwels ' illustration of an angulated fr acture, consisting of a 
tension side (Z) where cells were t hought to be elongated , and a compression side 

(D) where t he cells were thought to be hyd rostatically stressed. (b) Histological 

section of an angulated fracture callus. consisting of small chondroc:ytes on thC' 
compressive (right) side of the callus, and a Jnorc fibroblast like cells on the tension 

(left) side of the callus. Adapted from 161. 

(~ (~ 

FIGURE 3. (a) Pauwels' repres0ntation of cartilage being squeezed betw0en the 

regenerating bony tissue. In the centre the regenerating tissue is elongated tram;
versely. (b) Callus from a fractu re of the forearm of a mouse, showing co llagen 

fiben; have devclop0d in the area of maximum elongation. Adapted from 161. 
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FIGURE ·1. A schematic represent at ion of the hypothesi ·ed influence of mechanical 
stimuli on t issue diffcrcutiat ion propo;;ed by Pauwels. F igure taken from j7j. 

l. The stimulus favouring fibroblast differentiation from the mesenchymal 

cell pool is high shear. 

2. The st imulus favouring chondrocyte differentiation form the mesenchy

mal cell pool is hydrosta tic compression. 

3. Strain Based Models 

Pen·en 18] proposed a simple model for tissue differentiation based on 

a qua litative analysis of fracture healing. He hypothesised that a certain tis

sue phenotype would not form in a fracture callus if the strain level in t he 

fracture callus caused that tissue to fail , sec Fig. 5. This idea was termed 

the ' int crfragmentary strain theory'. h1tcrfragmentary st ra in was defined as 

the intcrfragmcntary motion divided by the fracture gap s ize. Based on the 

st rength of different tissue phenotypes, and the measured interfragmentary 

strain , t issue differentiat ion can be predicted. Initially the fracture site is 

fil led with granulat ion tissue, which begins to difl'erent iate towards cartilage, 
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~ 
Cartilage +10% 

~ 
F'ICURE 5. Strain tolerance of repair ti~sues. A tissue cannot exist in an envi
ronment where the intcrfragmentary strain exceeds the stra in tolerance of the 
extracellular matrix of the tissue. Taken from J9J. 

gradua lly increasing the strength of the regenerating tissue. As the t issue stiff

cns, t he interfragmentary strain decreases, allowing the formation of stiffer 

and stronger tissues at the fracture site. This process continues until full 

function is restored in the hone. Although easy to understand , this model 
is limited because it assumes that only a single t issue type exists within 

a fracture callus at any one point in t ime, which is obviously a simplifi cation. 

Duda and colleagues [10[ proposed a model where the minimum princi

pal strain served as the stimulus for t issue different iation in a fini te clement 

model of an osteochondral defect. If the mean minimum principal strain 

around an element in the finite element model was above a threshold for 

the specific material t hat the element was modelling (defect/ connective tis

sue, fibrous t issue, car tilage, calcified cartilage, cancellous bone, subchondral 

bone), then t he clastic modulus of this specific clement was increased. If t he 

clastic modulus was further increased beyond t he maximum elastic modu

lus for that particular material, differentiation to t he next stiffer material 

occurred , and the material properties of the e lement were updated to that 

particular material. Similarly if the strain was below a threshold for a specific 

material the elastic modulus was decreased. A tissue factor (TF) was intro

duced to control t he rate of t issue formation or resorption between iterations 

such that the change in Young's modulus between iterations was given by 

En= En+lTF. (3 .1 ) 

G6mez-Beni to et a l. [llJ present a mathematical model to simulate t he 

effect of biophysical stimuli on cell proliferation , migration and difFerentiation 

during fracture healing. The mechanical stimulus ·~' used in this model is the 

second invariant of the deviatoric strain tensor h: 

(3 .2) 
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where E1. EII and Et !l arc principal strains, and Eoct = (EJ +Ell+ cm)/3 is the 

octahedral strain. In this model, growth and geometry of the fracture callus 

are functions of cell proliferation and differentiation. The main variable::; in 

t he model were the concentration::; of mesenchy mal stem cells (MSCs) (cs), 
cartilage cell::; (cc). bone cell::; (cb) and fibrobla::;ts (cf ), which produced the 

various skeletal t issues. T he percentage of these ba::;ic types wa::; assumed to 

determine the mechanical properties of the local t iss ue. 

The number of cells N can be modified through a change in cell concen

t ration (Dc( x , t)/ Dt), where c(x .. t) is t he cell density, or through a change 

in the volume growth rate (div(v)). where vis the growth rate. The rate of 

change of MSC conce11tration was assumed to change by proliferation, migra

tion and differentiation (cell death wa::; considered a specific differentiation 

pathway) such that 

Dc5 (x. t) 
Dt 

C\'prolifcralion'l/; (x , f) D ( ) 2 f (· ' · ) 
"''( t) + ,1 . . Cs - Vdisrupt ecl \1 Cs - J differentiation ''1/, t 
'+' X , '1 1prohfPratron 

(3.3) 
where Cs is MSC concentration , vdisruptcd is the fraction of disrupted tissue, 
D ( Vdisrupted) is a diffusion coefficient a nd O:proliferat ion and 1/Jproliferation are 
constauts that define stem cell proliferatiou such that proliferat ion depends 
on the mechanical stimulus 'ljJ. In this model an assumption was made Lhat 
cells would migrate slower in disrupted tissue, wh ich was modelled by mak
ing the diffusion coefficient dependant on the volume fraction of disrupted 
tissue. MSC diffcrenLiatiou (/differentiation) is dependent on both time and the 
mechanical stimulus such that 

/differcntiation('l/J, t,,) = 

hintraiiiCI!liJranons('l/1, t) if ( ~Jii r n < '1/1 < t/Jbonc) 1\ (t > t~n) (b011e CCllS) 

9diffcrcntialion('l/l, t) if ( 'ljlhonc <'1/1 <'l/lcart ilagc) 1\ (t > t ;n) (cart ilage cells) 

ldiffcrenlialion('l/1, t) if (1,/Jcanilagc < '1/1 < 1/Jfibrons) 1\ (t > t{,,) (fibroblasts) 

-c if (t/Jdcath < '1/1) (death cells) 

0 in other ca.c;Ps. 

with hintramcmbranous('l/J, t), 9diffcrenlalion('l/J, t), lcliffercntiation('l/J, t) being the func
tions that define the evolution to osteoblasts, chondrocytes and fibrobla::;ts, 

respectively, t~n is t he maturation t ime needed for each cell type i to mature 

into special ised cells , and 1/Jiirn , '1/Jbonp, '1/Jcartilnge, 'l/Jfibrous a re the mechanical 

stimulus limits for each cell type. 
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It was assumed that callus growth was mainly clue to mesenchymal cell 

proliferation and chondrocyte hypertrophy during endrochonclral ossification: 

cliv( V ) = f~roliferalion ( Cs' '1/J) + 9~ndochondral ( 1j; > t) > (3.4) 

where f~roliferaLion(cs, ?J;) defines the rate of callus growth clue to proliferation, 

v is t he growth rate per clay and g~ndochondral(lf!, t) controls the rate of callus 
growth due to chonclrocy t c hypertrophy. 

The mechanical properties of t he differentiat ing matrix are characterised 

by its densit y and composition. A mixture of 5 different t issues can potentially 

be found: debris t issue , granulation tissue, cart ilage tissue, fibrous t issue and 

bone tissue. The production rate of this extracellular matrix was assumed to 

depend on the cell type, cell density and matrix production rate per cell: 

av~lalrix Q at = e;, i (3 .5) 

where V:~latrix i · t he volume fraction of t issue i, Ci is the cell density. Qi is 

the matrix production rate per cell. The production of bone matrix volume 

in mature bone was de termined nsing the internal bone remodelling formu

lat ion proposed by B<.>aupre et al. 1121 . Based on the volume fraction of each 

t issue type within a particul a r region , t he components Px of the tissue arc 

determined, namely the amount of collagen I , II and lii, ground substance 

and minr ra l. Thr moclulns of elasticity E and t he Poisson's ratio v were then 

cleterrninccl ba.scd on the proportion of each component Px in a particular 

region. 

T his model was implemented using a poroela.stic finite clement model 

(ABAQUS v.6 .3, Hibbit , Karlsson a nd Sorensen) to determine the biophysi

cal st imuli. A t hermocla.'it ic analysis wa.s used t.o detenniue the new callus 

geometry after modelling cell m igrat ion , proliferation a nd differentiation. T he 

callus geometry, tissue differentiation patterns and fracture stiffness pred icted 

by t he model were similar to experimental observations. 

4. Hydrostatic Stress/ Deformation Models 

Carter and colleagues introduced a scm iquant it ive theory for t he role of 

hydrostatic stress and octahedral shear stress in tissue differentiation within 

t he context of fracture healing [131. This concept differed from P auwels by 
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specifying a ~pecific :-;t imulus for bone formation and by recognising the pos

~ibi lity that regions oft <'H~ile hydrostatic stres~ may exist within skeletal Lis

sue. Th i~ model also acc:oHntcd for the fact that bone cannot form without 

a ~uffic ient blood supply. ln a furtlH'r development of t his model, octahedral 

shear ~tre~~ was replaced with e ither octahedra l shear strain or maximum 

principal strain due to the belief that biological events at the tissue level 

are often related to changes in cell shape and local matrix deformation The 

maximum principal strain was felt to be critica lly important as to whether in

t ramembranous ossification can occur and also in controlling type I collagen 

synthesis [14]. Accordi ng to t his ti:;su<' differentiation concept, hydrostatic 

pressure directs th0 pluripotential mesenchymal tissue down a chondrogenic 

pathway; ~ignificant shear or tcm;ilc strain leads to fibrogenesis; a combina

tion of hydrostatic pressure an cl :;ignificant. shear or ten:;ile strain leads to 

fibrocartilage developmC'nt; ;UJd . given acJequaLc vascu larity, low levels of hy

drostatic sl ress and shear/ ! cnsilc strain allow direct intramembranous bone 

formation. A phase diagram illustrating t.hb concept is shown in Fig. 6. The 

patterns of Lissue differentiation observed during fracture hL'aling [ 15, 16j, dis

traction osteogenesis [1 5, 17]. around bone-implant interfaces [18[ a nd during 

Principal Tensile 
Strain History 

Tens ile Fa ilure Tensile Failure 

( - ) Compression .,._ 0 • Tension ( +) 

Hydrostatic 
Stress 
History 

FIGURE 6. Pha;;e diagram de~cribing t he influence of loading on the differen

tiation of pluripotential mC'senchymal tissue into bone, fibrous tissue, fibrocarti

lage or cartilage. The tensile failure line marks the cut-off region beyond which 

failure of the mesenchymal tissue occurs as a re~;u lt of excessively high tensile 
strains. The p ressure necrosis line marks thf' pressure region beyond which carti

lagc t fibrocartilage uo longl'r forms and tissue necrosis occurs instead. [HiJ. 
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osteochondral defect repair [15[ have been consistent wit h the expectations 

of this mechanobiological model bcu;ed on linear clcu;t ic finite Picmcnt cal

culations. T he latter study involved creating an idealized two-dimensional 

fi ni te clement model of a full-thickness cartilage defect. see F ig. 7(a). The 

stress and strain l1istories within the defect were clcterrninccl based on a t ime

varying load that wa.<; applied to the model. T he hydrostatic stress within 

the defect was predicted to be chondrogenic, sec Fig. 7(c) ; however clue to the 

differences between t he material properties of the normal cartilage and the 

regenerating tissue, high tensile strains were present within the regenerating 

tissue that are not p resent in normal car ti lage, see Fig. 7(b). According to 

their mec:hano-regulation hypothesis, these tensile strains could be expected 

to promote f-ibro-cartilage or fibrous tissue formation. T his model has not yet 

been used to simu late the time course of tissue differentiation during these 

events. 

Subchondral Bone 

(a) Fm1te element mesh 

Peak Pressure= 1.0 MPa 

~ 
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FIGURE 7. (a) F inite element mesh of a chondral defect used by Carter and 
Bcaupre jl 5j. (b) T he d istribution of hydrostat ic stress and tensi le strain in nor

mal articular carti lage. (c) The distribution of hydrostatic stress and tensile strain 

in the art icu la r cartilage and regenerating tissue in the chondral defE'ct. 
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Loboa et al. 119] have extended the t issue di ffe rentiation concept of Car

t er and Beaupre ll 4l to incorporate a constitut ive model based on a fiber

reinforccd. poroelast.ic representation of soft t issue to describe the time

dependent diffNenLiation of mnltipotcnL mesenchymal tissue and the cor

responding changes in tissue material properties. The cont rolling mechanical 

stimuli arc t he imposed intermittent tensile strain and the locally generated 

cyclic fluid pressure, see Fig. 8. This study simulates the Lime-dependent 

changes iu th ree material properties necessary to describf' a fiber-reinforced 

poroelastic const itutive model: the tensi le elastic modulus (E), compressive 

aggregate modulus (H11) and permeability (k). T he solid matrix Poisson ·s 

ratio is assumed Lo lw zero . The model only looks al loading histories that 

would lead to the formation of soft skeletal t issues; it does not attempt to 

model t ime-dependent changes associated with intramembranous bone for

mation. 

Tensi le 
St rain History 

Fibrous 
T issue 

Cartilage Bone Fluid 
4---------------~~------------~ Press ure 

Com pression -o- Tension His to ry 

FI GURE 8. Influence of ten~ilc strain~ and fluid pre~sure on ti~sue difl'erent ia

tion 1191. 

In t.his uwdel t he peak cycl ic daily tensile stra in E determines the rate of 

modulus change Ec due to tensile strain, occurring as a re~;u l t of increased 

collagen fib er size. density, alip;nment and cross-linking. Tensile strain be

tween 1.5% and 3% provides for t issue homcostasis, while strain above this 

magnitude causes an increase in Ec, and strain below this magn itude causes 

a decrease in Ec . T he strain dependant. component of the tensile modulus is 

then given by: 

( 4. 1) 

where .6-t is a given time step. 
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Increased fluid pressure is ab o SJWculated to induce chondrogeneis , as 

cviclenced by an increa~:>e in tensile elastic modulus due to increases in both 

collagen type II synthesis (incrPasing the tensile modulus associated with 

collagen fiber content, E f) and proteoglycan synthesis (increasing the ag

gregate modulus, Ha)· Combining these two components gives the prcssure

ciC'pendcnt componmt of the tensile elas tic modul us: 

(4.2) 

The total tensile modulus is obtained by adding Eq. (4. 1) and Eq. (4.2): 

(4.3) 

In this model , t he fluid pressure sti mulus also determines the proteoglycan

depenclent rate of permeabi lity change kp used to update the pressure de

penda nt component of the permeability k11 at each time step 6. t: 

(4 .4) 

Once t he pressure exceeds a minimum value (0.013 MPa), the rate of pcrmC'

ability change kp increases linearly with pressure until a maximum value of 

k11 is reached (1.5xl0- 15 m4 / Ns/ day) 

The permeability is further reduced clue to the increased flow path length 

that fluid must t raverse as the collagen fibers increase i11 size and density. 

The path length also increases with increased protcoglycan si6e aucl packing. 

and as E (Eq . (4.3)) depends on both collagen and proteoglycan synthesis, 

iL was used as an indicator of flow path length. A dimensionless parameter 

Qe, which decreases cxponentially with E, is multiplied by kp to calculate the 

total permeabili ty k: 

( 4.5) 

Upper and lower bounds are placed on the values of E , Ha, and k based 

on findings from the literature. Detailed descript ions and just ifications for 

the changes in E , Ha and k in response to the mechanical stimuli are avail

able [19]. 

Claes and Heigele [20] compared the local stress and strain in a fracture 

call us as calculated from a finite element model wit h histological findings 

from an animal fracture model. They proposed that t he amount of strain and 

hydrostatic pressure along existing calcified surfaces at the fracture surface 
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F' lGURE 9. Mcchano-rcgulation mod€'! o f tio:sue differentiation propo~cd by C lae::; 

and I-Ieigelc 1201. 

determ ine the differentiation of the callus Lissuc. The hypothesis predicts in

tramembranous bone format ion for strains smaller than approximately ±5% 
and hydrostatic pressures smaller than ±0.15 MPa. Endochondral ossification 

is associated with comprcssivc pressures larger tha11 about -0.15 MPa and 
stra ins smaller than ±15%. All other conditions lead to connective tissue or 

fibrous carti lage formation , see F ig. 9. In contrast to the models of Carter et 

al. jl4J, numeric values delineat ing the tissue types have been included. How

ever no attempt was made to simulate the time course of fracture healing, 

i.e. only fixed time heal ing stages were modelled. 

5. Models Including Fluid Flow 

Tissues such as cartilage and bone arc composed of a solid and a fluid 
phase. When such a t issue is loaded, the fluid components fl ows through 

the t issue, acting as a stimulus to the cells. If the fluid flow is high, so 

will be t he biomechanical stress acting on the cells . Prendergast. et al. J21J 

proposed a model for the mechano-regulation of tissue different iation by two 
biophysical stimuli: tissue shear strain and interstitial fluid flow. High levels of 

the biophysical st imuli favour fibroblast differentiation from t he mesenchymal 

cell pool, intermediate stimuli favou r chondrocyte d ifl'erent iation , and low 

mechanical stimuli favour osteoblast differentiation , see Fig. 10. Using this 
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FIGURE 10. Mechano-regulation pathway hypothesised to control tissut> diff<"rcn

tiation based on tlw tissue strain and fluid flow. Both tissue strain and interstitial 
fluid flow ar€' hypothesised to cause cell deformation. A region of high cell dC'for
mation causes fibrous tissue formaLion, intermediate deformations allow cartilage 
formation and low strains allow bone formation. After J21J. 

concept, a regulatory feedback model was developed to predicl the patterns 

of tissue differentiation around an implant [22], where the tissue phenotype 

depends on the combined value of distortional strain 1 and interstitial fluid 

flow v , such that 

• For bone formation 

• For cartilage formation 

/ ' 11 
-+-<1. 
a b 

2 +!!. > 1 and 
a b 

I V - +- < 3. 
a b 

• For fibrous tissue formation 

I V - +- > 3. 
a b 

where a= 3.75% and b = 3.0 fD11 s. The biophysical stimuli were dctC'rmin0cl 

using a poroclastic fiuit.c element model of the bone-implant interface. 

Lac:roix et al. [23] expanded upon this mcchano-regulat ion model in an 

attempt to si rnulate the time course of fracture healing in a long bone. h1 th is 

model, a r<•sorptive field was added at low strain / low fluid flow levels. If the 

strain or fluid flow becomes too low, then the lack of mechanical stimulat ion 
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to the cells ini tiates a resorptivc process. F\nthermore th is model accounted 

for t lw role played by the migration and proliferation of mesenchymal stem 

cell:-; in the fracture callus by assuming the spreading of cells can be simulated 

using a diffusion equation: 

(5. 1) 

where n is the cell density and the constant D is the difi"usion coefFici ent. 

In this model the biophysical :-;t imuli did not directly regulate the rate of 

chang<' of the material properties of the differentiating tissue. Instead the 

ll!alprial propNties of an element in the model were calculated as an average 

of tlw 10 previously predicted tissu<' phenotypes. To account for the fac:L that 

mcseiH:Iwmal stem cells and difl"crcntiatcd cells may exist simultaneously, 

a rule of mixtures was used to calculate the material properties in such cases. 

l)pspite the s implificat ions of this modf'l. it was successful iu reproducing 

several features of fract urc healing. These are: 

J. int ramembranous bone' format ion far from the fracture site, 

2. endochondral ossification in th(' C'xtnnal callus, 

3. stablisal ion of the interfragmenlary gap when bridging of the external 

callus occurs, 

,J. rcsorption of the external callus. 

Kelly cl al. 1241 further expanclccl the !llcchano-regulation model of t issue 

differentiation of Prendergast et. al. 1191 to simulate tissue differentiation 

during osteochondral clefecL repair. In this model, the dispersal, prolifera

tion, differentiation and cleat h of cPIIs is regulated by the local environment.. 

The dispersal of cells of a particular phenotype i th roughout t he defect was 

simulated by assuming the cell population Lo be described by difrusive, pro

liferative and apoptotic processes as follows: 

(5.2) 

where ni denotes t he uumber of cells of a particular cell phenotype i, Di is 

the diffusion coefficient for cell phenotype i, p i (S) is a proliferation rate and 

J(i(S) is an apopt.osis (death) raLe for cell i as a function of the st imulus S. 
The cliA.usion coefficient for cell type i moving through a volume of tissue is 
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calculated as the weighted average of the diffusion coefficient::; for each oft he 

t.is::;ue types j present at that site in the model, i.e. 

ltt 

D1 = L Dij[/Jj, (5.3) 
j=l 

where DtJ is the diffusion coeffi cient for cell type i in tissue j, and 11 1 is the 

total number of t issue types, in t hi::; case granulation tissue, f1brous tissue, 

cartilage and bone; cPJ denote::; the volume fraction of each t i::;suc type j such 

that: 

( 5.4) 

J=l 

As the cclb di::;per::;e throughout the defect, their number will increase due 

to proliferation , or decrease du<> to apopto::;is (cell death). The proliferative 

rcspons<> of each cell phenotype might be expected to be influenced by their 

local environment such that the rate of change in t he number of cells ·ni of 

the ith phenotype depends on pt(S) , the proliferation rate for cell phenotype 

i as a function of a mechanical stimulus S, and J(i(S), the apoptosis rate 

for cell phenotype i as a function of a mechanical stimulus S. A quadratic 

relationship was assumed bet wecn cell proliferation/ apoplosis a11d oct alwdral 

shear strain Sa such that: 

(5.5) 

The thn'sholds used in the nwcha11o-regulation diagram of tissut' differen

tiation were the same as used hy I-luiskes et al. 1221 and Lacroix et al. 1231. 
Again a model based on the hypothesi::; of mechano-regulated tissue differen

tiation by shear strain and fluid How was able Lo predict temporal changes 

in tissue phenotype as observed during experimentation; in this case during 

osteochondral defect repair. 

Kuiper et al. [251 used tissue shear strain and fluid slH'ar st re::;s as me

chanical st irnuli regulating tissue differentiation during fracture repair. see 

Fig. 11. F luid shear stress T is defined as a function of pressure gradient \lp 

and specific matrix surface s 
\lp 

T = - (5.6) 
s 

where the specific surface is related to t issue permeability k, porosity n, fluid 

viscosity v, and constant G through the Ca.rman-Ko?.eny equation 

(5.7) 
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Fllud ~henr stress (MPa) 

1.:' 2:' 
Shear stram (0 o) 

FIGURE 11 . Mecha no-regulation model of tissue differentiation proposed by 
I<uiper E:t a l. ]25]. 

T hey concluded Lhat stra in provides t he domin ant cell differentiating stimu

lus in t he frac ture callus. T ypical healing pat terns were predicted for a vari

ation of applied movements on Lhe cort ical bone. 

6. Future Directions 

A number of d iffe rent hypotheses have been pu t forward relating t issue 

di fferent iation to the local mechanical environment, none of which have been 

definitively refu ted or proven. To Lhis end , not only will it be necessary to 

cont inur comparing iu-v ivo ex perimental observat ions wi th t he predictions 

of t issue different ia tion based on t hese hypotheses. it will a lso be necessary to 

test the hypotheses directly using well designed in vit ro experiments. A num

ber of bioreactors have been recent ly designed which are capable of regulating 

the mechanical environment of a population of cells in vitro [26]. It should 

be possible to test hypotheses of mcchano-regulated t issue different iation by 

subjecting populat ions of mesenchymal s tern cells to mechanical loading in 

a bioreactor [27, 28[. Not only could t hese bioreactors be useful in determin ing 

the role of mechanical loading in t he different ia tion process, they could also 

play a role in qua ntify ing how mechanical loading influences cell migration, 

pmliferation , death , matrix synthesis etc., which are necessary in order to de

velop a complete mechanobiological model of t issue different ia tion t hat has 

practical benefi ts . For example, experiments where car t ilage has been engi-
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neered in i't bioreactor 129] hav<' shown that applying loi'tding to a populat ion 

of chonclrocyLes resul ts in increased amounts of collagen II and prot.eoglycan 

synthesis over stat ic controls, which in lum has lead to changes in the mecha

nical properties of the engineered t issue. Similar experiments could lw used 

to quantify how a particu lar biophysical stimulus influences matrix synthesis 

and t he alignment and cross- linking of collagen fibers. which in turn could 

be used to determine evolu tion equations used to descrilw the change in me

chanical properties over time for differentiating tissue subject to loading. To 

implement such evolution equat ions accurately in computational models will 

require the use of more sophisticated coustitutive models to describe the 11011-

linear . inhomogeneous nature of these t issue:-;. Other experiment:-; that wil l 

be necessary to facilitate Lhc development of computational models includ(' 

determining the motility rates of d ifferent cell types and thr mitosis rates of 

cells in response to loads. l t may also be necessary to incorporate the effects 

of growth factors into mechanohiological modPls 1301. 
In conclusion, in add it ion to a hypothesis for mecha11o-regulatcd tissue 

differentiation , mechanohiological models of tissue difi.erentiat ion should at

tempt to incorporate the following: 

l. a mathematical framework to describe the dispersal, mitosis and death 

of cells in response to changing mechanical or chemical 1-itimuli. 

2. evol ut ion equat ions to describe the s.vnt hc:-; is and organisation of matrix 

compoiients by cells in response to load, 

3. equations to relate changes in t he synthesis and organisation of matrix 

components to the tissues mechanical properties, 

4. appropri ate constitutive equa tions t.o describe the non-linear, inhomo

geneous nature of biological tissues. 

Only by successfully incorporating these elements can we expect computa

tional models of tissue diffcrPJJtiation to become useful tools in tissue engi

neering and the design of orthopedic impla nt s. 
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