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                    Abstract
Computational modeling of skeletal tissue seeks to predict the structural adaptation of bone in response to mechanical loading. The theory of continuum damage–repair, a mathematical description of structural adaptation based on principles of damage mechanics, continues to be developed and utilized for the prediction of long-term peri-implant outcomes. Despite its technical soundness, CDR does not account for the accumulation of mechanical damage and irreversible deformation. In this work, a nonlinear mathematical model of independent damage accumulation and plastic deformation is developed in terms of the CDR formulation. The proposed model incorporates empirical correlations from uniaxial experiments. Supporting elements of the model are derived, including damage and yielding criteria, corresponding consistency conditions, and the basic, necessary forms for integration during loading. Positivity of mechanical dissipation due to damage is proved, while strain-based, associative plastic flow and linear hardening describe post-yield behavior. Calibration of model parameters to the empirical correlations from which the model was derived is then accomplished. Results of numerical experiments on a point-wise specimen show that damage and plasticity inhibit bone formation by dissipation of energy available to biological processes, leading to material failure that would otherwise be predicted to experience a net gain of bone.




                    
    


                    
                        
                            
                                
                                    
                                        
                                    
                                    
                                        This is a preview of subscription content, log in via an institution
                                    
                                    
                                        
                                     to check access.
                                

                            

                        

                        
                            
                                
                                    Access this article

                                    
                                        
                                            
                                                
                                                    Log in via an institution
                                                    
                                                        
                                                    
                                                
                                            

                                        
                                    
                                    
                                        
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                    

                                    
                                        Institutional subscriptions
                                            
                                                
                                            
                                        

                                    

                                

                            
                        

                        
                            Fig. 1[image: ]


Fig. 2[image: ]


Fig. 3[image: ]



                        

                    

                    
                        
                    


                    
                        
                            
                                
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Inelastic Modelling of Bone Damage Under Compressive Loading
                                        
                                    

                                    
                                        Chapter
                                        
                                         © 2021
                                    

                                

                                
                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Modeling orthotropic elasticity, localized plasticity and fracture in trabecular bone
                                        
                                    

                                    
                                        Article
                                        
                                         21 May 2016
                                    

                                

                                D. T. O’Connor, K. I. Elkhodary, … I. Jasiuk

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Modeling of anisotropic remodeling of trabecular bone coupled to fracture
                                        
                                    

                                    
                                        Article
                                        
                                         17 August 2018
                                    

                                

                                Ibrahim Goda & Jean-François Ganghoffer

                            
                        

                    
                

            
        
            
        
    
                            
                        
                    

                    

                    

                    References
	Aoubiza B, Crolet JM, Meunier A (1996) On the mechanical characterization of compact bone structure using the homoge-nization theory. J Biomech 29(12):1539–1547

                    Google Scholar 
                

	Blanes RJ et al (2007) A 10-year prospective study of ITI dental implants placed in the posterior region. II: influence of the crown-to-implant ratio and different prosthetic treatment modalities on crestal bone loss. Clin Oral Implant Res 18(6):707–714

                    Google Scholar 
                

	Burr DB, Forwood MR et al (1997) Bone microdamage and skeletal fragility in osteoporotic and stress fractures. J Bone Miner Res 12(1):6–15

                    Google Scholar 
                

	Burr DB, Turner CH et al (1998) Does microdamage accumulation affect the mechanical properties of bone? J Biomech 31(4):337–345

                    Google Scholar 
                

	Caouette C et al (2015) Influence of the stem fixation scenario on load transfer in a hip resurfacing arthroplasty with a biomimetic stem. J Mech Behav Biomed Mater 45:90–100

                    Google Scholar 
                

	Cha JY et al (2015) Multiscale analyses of the bone-implant interface. J Dent Res 94(3):482–490

                    Google Scholar 
                

	Christopher RJ (1994) Numerical simulation of bone adaptation to mechanical loading. In: Dissertation for Degree of Ph.D. of Stanford University

	Cordebois JP, Sidoroff F (1982) “Damage induced elastic anisotropy.” Mechanical Behavior of Anisotropic Solids/Comportment Méchanique des Solides Anisotropes. Springer, Berlin, pp 761–774

                    Google Scholar 
                

	Cowin SC (1985) The relationship between the elasticity tensor and the fabric tensor. Mech Mater 4(2):137–147

                    Google Scholar 
                

	Desmorat R, Gatuingt F, Ragueneau F (2010) Non-standard thermodynamics framework for robust computations with induced anisotropic damage. Int J Damage Mech 19(1):53–73

                    Google Scholar 
                

	Doblaré M, García JM (2001) Application of an anisotropic bone remodelling model based on a damage-repair theory to the analysis of the proximal femur before and after total hip replacement. J Biomech 34(9):1157–1170

                    Google Scholar 
                

	Doblaré M, García JM (2002) Anisotropic bone remodelling model based on a continuum damage-repair theory. J Biomech 35(1):1–17

                    Google Scholar 
                

	Dong XN et al (2012) Orientation dependence of progressive post-yield behavior of human cortical bone in compression. J Biomech 45(16):2829–2834

                    Google Scholar 
                

	Egan PF, Ferguson SJ, Shea K (2017) Design of hierarchical three-dimensional printed scaffolds considering mechanical and biological factors for bone tissue engineering. J Mech Des 139(6):061401

                    Google Scholar 
                

	Fritsch A, Hellmich C, Dormieux L (2009) Ductile sliding between mineral crystals followed by rupture of collagen crosslinks: experimentally supported micromechanical explanation of bone strength. J Theor Biol 260(2):230–252
MATH 
    
                    Google Scholar 
                

	Frost HM (1987) Bone “mass” and the “mechanostat”: a proposal. Anatom Rec 219(1):1–9

                    Google Scholar 
                

	Frost HM (1994) Wolff’s Law and bone’s structural adaptations to mechanical usage: an overview for clinicians. The Angle Orthodontist 64(3):175–188

                    Google Scholar 
                

	Frost HM (2003) Bone’s mechanostat: a 2003 update. Anatom Rec Dis Molecular Cell Evol Biol 275A(2):1081–1101

                    Google Scholar 
                

	Gardinier JD et al (2010) In situ permeability measurement of the mammalian lacunar-canalicular system. Bone 46(4):1075–1081

                    Google Scholar 
                

	Goodship AE, Lanyon LE, McFie H (1979) Functional adaptation of bone to increased stress. An experimental study. J Bone Joint Surg Am 61(4):539–546

                    Google Scholar 
                

	Hamed E, Lee Y, Jasiuk I (2010) Multiscale modeling of elastic properties of cortical bone. Acta Mech 213(1–2):131–154
MATH 
    
                    Google Scholar 
                

	Hellmich C, Ulm F-J (2002) Are mineralized tissues open crystal foams reinforced by crosslinked collagen?-some energy arguments. J Biomech 35(9):1199–1212

                    Google Scholar 
                

	Hellmich C, Ulm F-J (2005) Drained and undrained poroelastic properties of healthy and pathological bone: a poro-micromechanical investigation. Transp Porous Media 58(3):243–268

                    Google Scholar 
                

	Huijie Leng X, Dong N, Wang X (2009) Progressive post-yield behavior of human cortical bone in compression for middle-aged and elderly groups. J Biomech 42(4):491–497

                    Google Scholar 
                

	Keaveny TM et al (1994) Mechanical behavior of damaged trabecular bone. J Biomech 27(11):1309

                    Google Scholar 
                

	Keaveny TM et al (2001) Biomechanics of trabecular bone. Annu Rev Biomed Eng 3(1):307–333

                    Google Scholar 
                

	Klein-Nulend J et al (1995) Sensitivity of osteocytes to biomechanical stress in vitro. FASEB J 9(5):441–445

                    Google Scholar 
                

	Koch JC (1917) The laws of bone architecture. Am J Anatomy 21(2):177–298

                    Google Scholar 
                

	Luo Q et al (2010) Constitutive relationship of tissue behavior with damage accumulation of human cortical bone. J Biomech 43(12):2356–2361

                    Google Scholar 
                

	Mengoni M, Ponthot JP (2015) An enhanced version of a bone-remodelling model based on the continuum damage mechanics theory. Comput Methods Biomech Biomed Eng 18(12):1367–1376

                    Google Scholar 
                

	Mirzaali MJ et al (2018) Determinants of bone damage: an ex-vivo study on porcine vertebrae. PLoS ONE 13(8):e0202210

                    Google Scholar 
                

	Morin C, Vass V, Hellmich C (2017) Micromechanics of elastoplastic porous polycrystals: theory, algorithm, and application to osteonal bone. Int J Plast 91:238–267

                    Google Scholar 
                

	Natali AN, Carniel EL, Pavan PG (2008) Constitutive modelling of inelastic behaviour of cortical bone. Med Eng Phys 30(7):905–912

                    Google Scholar 
                

	Pastrama M-I et al (2018) A mathematical multiscale model of bone remodeling, accounting for pore space-specific mechanosensation. Bone 107:208–221

                    Google Scholar 
                

	Roesler H (1987) F. Gaynor Evans anniversary issue on bone biomechanics the history of some fundamental concepts in bone biomechanics. J Biomech 20(11):1025–1034

                    Google Scholar 
                

	Scheiner S, Pivonka P, Hellmich C (2016) Poromicromechanics reveals that physiological bone strains induce osteocyte-stimulating lacunar pressure. Biomech Model Mechanobiol 15(1):9–28

                    Google Scholar 
                

	Uhthoff HANSK, Jaworski ZFG (1978) Bone loss in response to long-term immobilisation. J Bone Joint Surg Br 60(3):420–429

                    Google Scholar 
                

	Wang X, Nyman JS (2007) A novel approach to assess post-yield energy dissipation of bone in tension. J Biomech 40(3):674–677

                    Google Scholar 
                

	Wiskott HW, Belser UC (1999) Lack of integration of smooth titanium surfaces: a working hypothesis based on strains generated in the surrounding bone. Clin Oral Implant Res 10(6):429–444

                    Google Scholar 
                

	Wolfram U, Wilke H-J, Zysset PK (2011) Damage accumulation in vertebral trabecular bone depends on loading mode and direction. J Biomech 44(6):1164–1169

                    Google Scholar 
                

	Yingjun W et al. (2018) Hip implant design with three-dimensional porous architecture of optimized graded density. In: Journal of Mechanical Design


Download references




Acknowledgements
This work was supported by a grant from the Faculty Research Grant Program at Detroit Mercy Dental and a grant from the Biomechanics and Biomaterials Research Center (BBRC) at Indiana University-Purdue University Indianapolis.


Author information
Authors and Affiliations
	Department of Intelligent Systems Engineering, Indiana University, Bloomington, IN, USA
T. J. Sego

	Department of Periodontics, University of Washington, Seattle, WA, USA
Yung-Ting Hsu

	Department of Restorative Dentistry, Indiana University, Indianapolis, IN, USA
Tien-Min Chu

	Department of Mechanical and Energy Engineering, Indiana University-Purdue University Indianapolis, Indianapolis, IN, USA
Andres Tovar


Authors	T. J. SegoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Yung-Ting HsuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Tien-Min ChuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Andres TovarView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
T.J.S. led conceptualization and development of the model, development of numerical simulations, model calibration with experimental results, analysis and visualization of model results, and writing of the manuscript, and co-led manuscript editing and review. Y.H. and T.C. contributed to conceptualization of the model, writing of the manuscript and manuscript editing and review. A.T. supervised the work performed, co-led manuscript editing and review, contributed to conceptualization of the model, analysis and visualization of model results, and writing of the manuscript, and provided computing resources for numerical simulations.
Corresponding author
Correspondence to
                T. J. Sego.


Ethics declarations

              
              
                Conflicts of Interest

                The authors have no potential conflicts of interest concerning this article.

              
            

Additional information
Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Appendices
Proof of the Necessity to Use a Differential Form of Hooke’s Law
The formulation in Sect. 3 requires mathematical support for path-dependent changes in the material state during loading for any combination of elastic and plastic strains. As such, the elastoplastic stiffness \(C_{ijkl}^{ep}\) must account for changes in the material state with or without the occurrence of plastic strains, and vice versa, over some increment of stresses \(d\sigma _{ij}\).
Assume that (21) is true and for total strains \(\varepsilon _{ij}\) and plastic strains \(\varepsilon _{ij}^{pl}\), \(\varepsilon _{ij}^{pl} = \varepsilon _{ij}^{pl} \left( \varepsilon _{kl} \right) \). Then
[image: ]

Proof of Positive Definite Damage Differential
Consider the eigenvalue problem,
$$\begin{aligned} \text {d}D_{ij} n_j^k = \text {d}D_{ji} n_j^k = \lambda _k n_i^k , \end{aligned}$$

                    (59)
                

where \(\lambda _k\) is the kth eigenvalue of the damage tensor differential \(\text {d}D_{ij}\) with corresponding eigenvector \(n_i^k\). By substitution of (59) into the differential form of (2), 
$$\begin{aligned} \text {d}\left( h_{il} h_{lj} \right) n_j^k&= -\lambda _k n_i^k , \end{aligned}$$

                    (60a)
                

$$\begin{aligned}&= \text {d}\left( h_{jl} h_{li} \right) n_j^k. \end{aligned}$$

                    (60b)
                

 Rewriting (34) in the frame of the spectral norm of the total strain and applying the chain rule, 
$$\begin{aligned} \text {d}\left( h_{ij} h_{jk} h_{kl} h_{lm} \right)&= -c \text {d}\varepsilon h^o_{ij} h^o_{jk} h^o_{kl} h^o_{lm}, \end{aligned}$$

                    (61a)
                

$$\begin{aligned}&= h_{kl} h_{lm} \text {d}\left( h_{ij} h_{jk} \right) + h_{ij} h_{jk} \text {d}\left( h_{kl} h_{lm} \right) , \end{aligned}$$

                    (61b)
                

 where \(c \text {d}\varepsilon > 0\) and \(h^o_{ij}\) is \(h_{ij}\) at the onset of damage. By substitution of (60) into (61),
[image: ]
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