
Mechanobiological modelling of tendons: review and future opportunities 
 

M.S. Thompson1, M.N. Bajuri1,3, H. Khayyeri2,  and H. Isaksson2 

 

1. Institute of Biomedical Engineering, University of Oxford, United Kingdom  5 

2. Department of Biomedical Engineering, Lund University, Sweden 

3. Faculty of Bioscience and Medical Engineering, Universiti Teknologi Malaysia, Malaysia 

 

Special issue on Computational Modelling in Medicine, Proceedings of the Institution of Mechanical 

Engineers part H: Journal of Engineering in Medicine 10 

Corresponding author: 

Dr. Mark S. Thompson 

Institute of Biomedical Engineering,  

Department of Engineering Science,  

University of Oxford,  15 

Parks Road, OX1 3PJ 

Oxford. UK 

Telephone: +44 1865 737845 

Fax: +44 1865 737640 

Email: mark.thompson@eng.ox.ac.uk  20 

 

Keywords: Tendon; tendon healing; tendon mechanobiology; 

 

 

 25 

  

mailto:mark.thompson@eng.ox.ac.uk


 2 

Abstract 

Tendons are adapted to carry large, repeated loads and are clinically important for the 

maintenance of musculoskeletal health in an increasing, actively aging population as well as in elite 

athletes. Tendons are known to adapt to mechanical loading. Also their healing and disease 

processes are highly sensitive to mechanical load. Computational modelling approaches developed 5 

to capture this mechanobiological adaptation in tendons and other tissues have successfully 

addressed many important scientific and clinical issues. The aim of this review is to identify 

techniques and approaches that could be further developed to address tendon related problems. 

Biomechanical models are identified that capture the multi-level aspects of tendon mechanics. 

Continuum whole tendon models, both phenomenological and microstructurally motivated, are 10 

important to estimate forces during locomotion activities. Fibril level microstructural models are 

documented that can use these estimated forces to detail local mechanical parameters relevant to 

cell mechanotransduction. Cell level models able to predict the response to such parameters are 

also described. A selection of updatable mechanobiological models is presented. These use 

mechanical signals, often continuum tissue-level, along with rules for tissue change and have been 15 

applied successfully in many tissues to predict in vivo and in vitro outcomes. Signals may include 

scalars derived from the stress or strain tensors, or in poroelasticity also fluid velocity, while 

adaptation may be represented by changes to elastic modulus, permeability, fibril density or 

orientation. So far only simple analytical approaches have been applied to tendon mechanobiology. 

With the development of sophisticated computational mechanobiological models in parallel with 20 

reporting more quantitative data from in vivo or clinical mechanobiological studies, e.g. 

appropriate imaging, biochemical and histological data, this field offers huge potential for future 

development towards clinical applications. 
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Introduction 

Tendons are mechanically extraordinary connective tissues that transmit load from muscle to 

bone during locomotion. They consist principally of highly aligned, densely packed collagen fibrils 

embedded in a hydrated “ground substance” of proteoglycans. In humans, tendon disease and 

injury are common and costly, affecting both professional athletes (UK Achilles tendinopathy 5 

estimated incidence 500 per year1) and the general population (UK Achilles rupture incidence up to 

20 / 100,000 per year 2), with earnings loss and painful and prolonged rehabilitation. In equine 

athletes, 40%-50% of all injuries are tendon or ligament related, with over 15% of racehorses 

suffering from tendon injuries during a training season, this type of injury is the most common 

reason for retirement of the horse3.  10 

Tendon has a multi-unit hierarchical structure, which is mainly composed of type I collagen 

(60% dry weight 4) with a small amount of types III and V. Triple helical tropocollagen molecules 

are arranged in quasi-crystalline fibrils which run approximately parallel to the tendon’s long axis 5. 

Fibrils are embedded in a hydrated matrix composed of proteoglycans, glycosaminoglycan (GAG) 

and glycoproteins – tendons are approximately 70% water by volume 6. Fibrils are bundled 15 

together as fibres which themselves together with tendon cells form fascicles of which a relatively 

small number make up a whole tendon 7. Tendons can withstand repeatedly applied high forces – 

up to five times the human bodyweight during running 8. The tissue appears to be adapted to resist 

fatigue loading such that when stress in life was taken into account in ex vivo tests, different 

tendons from within the same individual were found to fail at approximately the same number of 20 

cycles 9. Fatigue damage is linked to progressive accumulation of discontinuities (‘kinks’) affecting 

bundles of fibrils, and the level of damage is associated with the severity of a pathological response 

and with the development of disease 10.  

Not only are tendons exquisitely designed to provide excellent energy storage in locomotion 

and precision motion for dexterity; like many other mechanically loaded tissues, tendons are able 25 

to adapt to withstand changing loading conditions. Mechanobiology seeks to define the precise 



 4 

relationship between mechanical stimulation and cellular and tissue mechanisms which underlie 

the observed changes in metabolism, structure and mechanical properties 5. The experimental 

evidence for tendon’s being mechanoresponsive, has been recently reviewed 11, 12. 

Understanding healthy and pathological mechanisms for tendon adaptation to mechanical 

loading is key to developing novel therapies that harness the positive mechanoresponse of the 5 

tissue, independent of whether they are pharmacological, mechanical or tissue engineering-based. 

Moreover, since tendons contain high levels of collagen type I, tendon can act as a simple model 

system for other more complex, less well-studied collagen based tissues. Finally, the knowledge can 

also assist in biomimetic design of new highly fatigue resistant, self-healing composite materials. 

 10 

Motivation and aim of review  

 

Figure 1. Mechanotransduction mechanisms in tendon. The tendon cell, connected 

mechanically to its pericellular matrix and to adjacent cells, transduces stretch and fluid 

shear stress signals through cytoskeletal, membrane and primary cilium mechanisms. With 15 

permission 13. 

Precise mechanisms for the tendon adaptive response to mechanical load remain unknown. 

For tissue adaptation driven by cell activity, understanding the mechanical environment of the 

living cells and hence the tissue micromechanics are essential pre-requisites. Cells are believed to 

sense multiple physical signals from the environment through mechanisms sensitive to substrate 20 
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deformation and fluid movement (Fig. 1) and respond anabolically or catabolically. Computational 

modelling can address these challenges with both ‘biomechanical models’ that provide a detailed 

quasi-static picture of the biomechanics of the system at a given time, often focusing on the material 

model and properties of the tissue, and also with ‘adaptive models’ that represent the ability of the 

tissue to remodel over time, predicting the long term mechanobiological adaptation, often trying to 5 

identify the cell and tissue response to certain stimuli. The aim of this review is to provide an 

overview of the latest developments in computational modelling that can be applied to 

understanding and harnessing tendon biomechanics and mechanobiology and to set out the future 

directions in this field.  

Following recent discussion of nomenclature 14, this review uses the term fibril to refer to 10 

structures consisting of quasi-crystalline collagen which may be up to 500 nm in diameter. The 

definition of larger structures may be tissue specific, in tendons fibres are bundles of collagen 

fibrils and may also contain other protein and cellular components. 

Biomechanical models 

Whole tendon 15 

Whole tendon modelling is essential to define the macro-scale mechanical environment and 

response of the tissue in biomechanical analysis of locomotion. The mechanical properties of 

tendons are largely dependent on the way in which the fibril organization changes with loading. 

The initial toe region (0 – 2% strain) in a typical tendon stress-strain curve (Fig. 2) represents the 

stretching-out of the approximately 10 µm wavelength fibril crimp-pattern. In the linear region of 20 

the stress-strain curve (2% - 4% strain) the uncrimped collagen fibrils both extend and also slide 

past one another 15. Microscopic damage to fibrils occurs when the tendon is stretched over 4%, 

whereas strains of 8 – 10% result in macroscopic failure 16. Studies of damage and failure in equine 

tendons suggest positional tendons fail at lower strains (15-22%) than energy storing tendons (18-

28%) 7. Damage mechanisms also show changes with ageing, with greater damage susceptibility in 25 

older energy-storing equine tendons 17. 
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, 

 

Figure 2. Tendon stress-strain curve with permission 5 

The simplest phenomenological models for the non-linear tendon stress-strain behaviour 

have used various strain energy functions including exponential 18, polynomial 19 and logarithmic 20. 5 

Uniform isotropic hyperelastic models have also been used extensively 21-23. However, as is clear 

from above the strongly anisotropic fibril orientation and the clear role fibril re-orientation plays in 

tendon motivate a more sophisticated approach.  

Microstructurally motivated continuum approaches have used transversely isotropic 

hyperelasticity with a single set of fibril orientations to represent tendon and ligament 24 and 10 

variants have been used in many finite element implementations for example in supraspinatus 25 

and the long head of the biceps tendon 26, 27. Subsequent developments included modelling two 

distinct families of collagen fibres in cruciate ligaments 23, and most recently patient-specific 

Achilles models with realistic geometries 28. A similar early model for the arterial wall 29, 30 has also 

evolved, incorporating two fibre families each with a symmetric dispersion about their mean 15 

orientation angle 31, which has been successfully applied with a design of experiments approach to 

represent the mechanical response at discrete timepoints of tendons undergoing tendon healing 32. 

These models have also been modified to include a rule-of-mixtures fibre volume fraction 33.  
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Fibril recruitment due to the straightening of crimp has long been considered in models of 

soft tissue 34 and continuum models have been proposed with various distribution functions used 

to represent the recruitment stretch: Weibull 35, Gamma 36, or triangular function 37, 38. Most 

recently a continuum strain energy function was proposed 39 with a recruitment function derived 

from considerations of the radial distribution of crimp angle 40, with good fitting results to patellar 5 

tendon data. This strain energy function was further refined to represent the helical arrangement of 

crimped fibrils although without representation of mechanical interactions between fibrils 41.  

The continuum approach has further been used to identify the importance of mechanical 

interactions between fibrils and the matrix in which they are embedded to accurately represent 

biaxial testing of tendons 42. Further work has suggested that this mechanism for transmission of 10 

interfibrillar shear stress is the primary loading mechanism for collagen fibrils in tendon 43. 

Another fibre reinforced anisotropic hyperelastic constitutive model has been implemented to 

study the effect of partial-thickness tear on loading capacities of the supraspinatus tendon 44. The 

widespread assumption of incompressibility in soft tissue has been challenged in ligaments 45, and 

recent models with slight compressibility have been implemented in finite element analysis 46.  15 

Viscoelastic models have been developed to capture the time dependent character of tendon 

behaviour. The most popular, Quasi Linear Viscoelasticity (QLV) uses a hereditary integral 

formulation often with the exponential strain energy function mentioned earlier 47 48-52. This 

approach has been developed to implement Mooney Rivlin or Prony series constitutive laws for 

further efficiency and better fitting at high strains in stress relaxation 53 54. Fully non-linear 20 

viscoelasticity has also been applied to capture a wider range of behaviours under physiologically 

relevant loading 55, 56. Some structurally motivated continuum models including viscoelastic 

behaviour have been proposed for tendon, where different constitutive equations for different 

levels of strain have been "patched" together 57 or using QLV to separately represent the isotropic 

and anisotropic components of the tissue 58. X-ray diffraction studies motivated a model using two 25 

viscoelastic elements in series to represent molecular friction within the fibril and viscous shear 

relaxation of the matrix between fibrils respectively 59. Viscous fibril rearrangement representing 
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the contribution of glycosaminoglycan cross links was implemented in fibre-reinforced continuum 

model 60 and later extended to consider the damage of these hypothesised cross links 61. Creep, 

relaxation and strain stiffening behaviours were captured by a fibre-reinforced Zener model 

including a recruitment process 62.  

Poroelastic constitutive models, explicitly representing solid and one or more liquid phases, 5 

have been successfully used to describe this highly hydrated tissue. Implemented as part of a 

hyperelastic fibre-reinforced continuum poroviscoelasticity was able to describe both quasi-static 

and dynamic tests, as well as the direction of the fluid flow in rat Achilles tendons 63, 64.  

As mentioned above, whole tendons may be divided into fascicles and the interfascicular 

matrix is receiving increased attention for its adaptation in tendons with different mechanical 10 

function 65. The mechanics of multiple fascicles can be addressed through wrapping algorithms 

such as those implemented in musculoskeletal modelling software 66. 

The models presented in the section above assume an affine behaviour of the fibrils in the 

material and provide a good understanding of the tissue-level behaviour of tendons, especially in 

the central, approximately linear part of the stress –strain curve. However, only few models could 15 

also capture the low strain behaviour governed by processes of fibril recruitment and crimp 

straightening. Therefore we consider explicit models of fibril mechanics in the next section.  

Fibril level models  

Modelling the mechanical behaviour of fibres and fibrils explicitly is essential for 

understanding tendon mechanobiology since the heterogeneous arrangements of these structures 20 

determine the mechanical signals transduced by cells. Initial discrete modelling efforts focused on 

the crimped pattern of collagen fibrils in tendon tissue, represented as helices 67, sinusoids 68, 

elastica 69 or with a kinematic chain 40, 70-72. A different approach assigned individual fibrils a 

bilinear stress strain curve which when integrated over the whole tissue fitted the observed non-

linearity 73. This theme is continued with recent use of a helical spring model for fibrils to fit whole 25 
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tendon stress – stretch data 74, acknowledging the limitation of using just one mechanism to 

account for non-linearity which is known to arise from multiple causes.  

Models that include fibril-matrix interaction enable a more sophisticated set of questions to 

be addressed. Models of the tapered shape 75 and the slenderness of fibrils 76 confirmed the role of 

stress transfer through the matrix for the tissue level properties of tendon. Helically arranged 5 

crimped fibrils embedded in a matrix were able to account for both non-linearity and the high 

Poisson’s ratio of tendon 77. The high Poisson’s ratio and fluid exudation under tensile load were 

addressed by an explicit model of fibrils connected by ‘interfibrillar links’ embedded in a 

poroelastic matrix 78. Together with tensile experiments on enzyme treated tendons a model with 

straight fibrils with interconnections representing glycosaminoglycans (GAGs) cast doubt on the 10 

theory that these components provide interfibrillar shear load transmission 79. In models of 

partially-cut tendons a shear lag fibril-matrix load transfer was required to adequately represent 

the dependence of properties on cut size, and fidelity improved as the number of simulated fibrils 

increased 80.  

Cell level models 15 

Tissue microstructure, composition and hence mechanical property adjacent to cells may be 

different from that of the ‘bulk’ extracellular matrix. In cartilage, models have shown that this 

pericellular matrix has an important role in modulating a chondrocyte’s environment 81. An FEA 

model of tendon including spatially varying fibril recruitment, poroelastic extracellular and highly 

compliant pericellular matrix estimated the fluid shear stress around ovoid tendon cells 82.  20 

There is an extensive literature addressing the mechanical modelling of cells. Thus, the 

reader is referred to an excellent recent review by Rodriguez et al. 83. For cells remodelling tendon 

under non-rupture conditions, two important models that could report quantities relevant to the 

mechanotransduction mechanisms identified in Figure 1 are detailed. An elastic model 

representing a single cell on a 2D surface including pre-stressed actin and tubulin cytoskeletal 25 

elements as well as the nucleus and its actin cortex was able to provide good corroboration with 
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AFM indentation experiments on two cell lines before and after cytoskeletal disruption 84. This 

model was later modified to include the primary cilium of the cell, a well-known mechanosensory 

organelle 85. Another elastic model, aimed at understanding a spherical cell seeded into a collagen 

gel, represented the cytoplasm, cytoskeleton and nuclear envelope 86. Cytoskeletal elements were 

randomly oriented and the effects of uniaxial tension, compression and shear applied to the whole 5 

gel were investigated. Counterintuitively, macroscopic uniaxial tension increased cytoskeletal 

compression, while macroscopic compression increased cytoskeletal tension, and shear appeared 

not to change the loading pattern.  

Adaptive models 

The longest-standing application of adaptive mechanobiological models has been directed 10 

towards the understanding of bone tissue during development, repair, and remodelling of bone 

tissue 87-91. These iterative approaches use a domain defined in Finite Element Analysis (FEA) to 

link continuum level mechanical quantities computed from the stress or strain tensors to local 

tissue change, often represented by change in material properties. This requires the identification 

of thresholds, defining the ranges of biophysical stimuli for which a particular tissue type can exist 15 
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92. Excellent reviews of this field are available 93, 94. 

 

Figure 3. Scheme for bone healing adaptive model – with permission 89  

One approach is using a poroelastic finite element model to represent the macroscopic 

geometry of an animal model for bone healing 89. Together with thresholds of octahedral shear 5 

strain and pore fluid flow, the tissue phenotype of each element and hence its stiffness was updated 

iteratively (Fig 3). The FEA geometric domain also lends itself to modelling diffusion of growth 

factors or cells which can then influence the rules for tissue differentiation 95, 96. These models are 

well accepted to capture bone tissue mechano-response during healing and have been used widely, 

in vitro for bone regeneration therapy design 97, 98. 10 

A different FEA approach was proposed to study the mechanical conditions that produce 

dysplasia in the prenatal hip joint, linking the increase in element size in a growth region to 

octahedral shear stress history 99. This concept was extended to use an isotropic thermal expansion 

and remeshing capability to understand the mechanobiological component of joint morphogenesis 

predicting the role of different movements on formation of hinge and ball and socket joints 100. The 15 
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same strategy has been used successfully to predict cortical adaptation to externally applied load in 

mouse tibia 101.  

An adaptive continuum mechanics approach implemented using FEA has also been used to 

in plane isotropic model skin expansion for reconstructive surgery 102. This used a growth tensor 

proportional to local strain within physiological thresholds and was able to predict patient-specific 5 

patterns of skin expansion. Other groups have used the combination of finite element models and a 

growth tensor formulation to successfully capture rapid embryonic epithelial wound healing 103. 

Reaction diffusion equations modelling inflammatory factor and cell migration and collagen 

deposition in skin wounds using continuum mechanics representations predicted wound shape 

effects on healing speed 104. 10 

A different aspect of tissue mechanobiology can be captured by modelling change of fibril 

orientation using an appropriate constitutive model. Reorientation of collagen fibrils in cartilage 

due to changing load patterns was represented using FEA and an algorithm rotating the local fibril 

direction towards an assumed local preferred direction 105. This approach was further employed in 

predicting the development of collagen fibril angular distributions in cardiovascular tissues from an 15 

assumed uniform distribution under physiological loading 33. Progressive degeneration of collagen 

in articular cartilage during development of osteoarthritis was also recently described 106. In the 

algorithm, the collagen network stiffness in cartilage was reduced iteratively when a maximum 

principal stress criteria was exceeded. The developed algorithm was tested and validated against 

experimental baseline and 4-year follow-up Kellgren-Lawrence grades, indicating different levels of 20 

cartilage degeneration at the tibiofemoral contact region 106. 

Vascular mechanobiological modelling has an added complexity of a considerable 

physiological pre-stress of the matrix 107. This requires the definition of an attachment or 

deposition stretch, the stretch of new fibrils synthesised by cells when they are incorporated into 

the matrix 108. This concept was applied in the first microstructurally-based remodelling simulation 25 

of an abdominal aortic aneurysm 37. This continuum model used existing constitutive equations for 

medial and adventitial layers 109 adapted to incorporate collagen fibril recruitment. Remodelling 
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was represented by coupling the rate of change of either collagen density or recruitment stretch to 

the difference between current fibril stretch and attachment stretch, and an axisymmetric FEA 

implementation predicted aneurysm expansion consistent with in vivo and other in silico models.  

This concept was sophisticated, introducing triangular distribution functions to describe 

both recruitment and attachment stretches and further to model the diffusion and reaction of 5 

factors important in collagen synthesis and degradation alongside cells to represent aneurysm 

development and treatment 38. This computational model was able to predict the response of an 

animal aneurysm model to a therapeutic increase in TGF-beta. 

 

 10 

Figure 4. Analytical mechanobiological model of tendon / ligament with permission 110 

 

A simple analytical mechanobiological model addressed the prediction of tendon cross-

sectional area, modulus and tensile strength under a daily strain stimulus during maturation 110 

(Fig. 4). The rates of change were due to the sum of a decaying biological effect (aging) and the 15 

difference of the stimulus from a homeostatic value. Comparison with published data on normal, 
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reduced and overloaded tendons showed reasonable agreement. Developments of the model 

enabled prediction of adaptation following exercise or immobilization 111. An adaptive poroelastic 

FEA model of a tendon wrapping around a bone surface using hydrostatic pressure as a stimulus 

for adaptation predicted decreased permeability at the wrapping surface, suggesting tissue in the 

region had become more cartilaginous in character 112. 5 

As evidenced above the wide benefits in answering clinically relevant questions that 

mechanobiological modelling can provide have yet to be realised in tendon. Many different 

modelling approaches are already available from studies of other tissues. To date, there are no 

modelling approaches that are optimal for tendon, and the best approach to use will depend 

strongly upon the clinical or scientific application. Multi-scale FEA linked approaches will be 10 

valuable to represent the spatial variations expected. These will be both macroscopic in tendon 

healing, with multiple imaging modalities (histology, CT, ultrasound) contributing, and also 

microstructural, with models created with volumetric data sets imported directly from microscopic 

imaging modalities. These microscopic models have the greatest potential to contribute new insight 

into tendon mechanotransduction. However, homogenised representations of these detailed 15 

microstructural mechanisms will be required in order to follow macroscopic adaptation and tissue 

differentiation. Therefore, approaches which represent ‘averaged’ fibril organisation will still have 

an important role to play. Finally, the potential for non-FEA approaches without detailed spatial 

representation is high, especially in providing fast, effective input into clinical decisions.  

Conclusions 20 

Mechanobiological modelling of tendons has the potential to revolutionise our 

understanding of tendon adaptation, repair and disease and to point the way to new therapies. 

Despite encouraging early results, the full range of computational mechanobiological modelling 

tools has not been applied to study tendons. Biomechanical models using the full range of data now 

available for the microstructural environment of the tendon cell and adaptive models exploiting 25 
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techniques developed to represent recruitment, attachment and pre-stress in vascular 

mechanobiology are two of the lowest hanging fruit. 

This approach needs to be developed in parallel with an increased availability of high quality 

longitudinal data from medical imaging, biochemistry, histological and biomechanical studies either 

directly in the clinic or using animal models. Such data is lacking for tendon adaptation, healing and 5 

degeneration and but is essential to enable validation of computational modelling frameworks to 

achieve clinical impact. This impact will be of increasing clinical importance to maintain 

musculoskeletal health in an active, aging population. Tendon can also provide a suite of easily 

accessible in vitro and in vivo models of a general connective tissue containing fibrillar collagen, 

elastin and glycosaminoglycans, suitable as a first step in developing protocols and studies for more 10 

complex and less easily accessible tissues.  
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