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Osteochondral graft repair is one of the most effective surgical treatments for 

focal cartilage defects. During such surgery, the load applied on the graft during 

impact insertion can result in damage to its articular cartilage, and therefore be 
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detrimental to long-term effectiveness and clinical outcome. The exact mechanical 

stimuli by which impact loading causes such damage are unknown, with suggested 

and known mechanobiological factors and mediators including compressive stress, 

compressive strain, impulse, and energy density. 

Three hypotheses regarding osteochondral graft (OCG) insertion were tested in 

the dissertation. (1) Energy delivered to the graft is the critical biomechanical 

determinant of cartilage damage during impact. (2) Increasing tightness of graft-host 

fit leads to higher insertion energy and resultant cartilage damage. (3) Modifying the 

geometry of the graft can alter the mechanics of impact insertion and therefore 

provides cartilage protection by reducing energy delivery to the graft.  

Osteochondral sample (OCS) or osteochondral graft (OCG), as well as 

osteochondral recipient site (OCR), were harvested fresh from distal femora of adult 

bovine. An instrumented drop tower apparatus was used to apply a range of energy 

and to quantify energy delivered to samples, as well as a variety of other mechanical 

factors, during impact of OCS, or insertion of OCG into OCR. Damage to the articular 

cartilage was quantified as total crack length and viability of chondrocytes at the 

articular surface.  

During OCS impact and OCG insertion into OCR, the resultant damage to 

graft articular cartilage was affected by the delivered energy. (1) Delivered energy was 

decreased when a cushion was inserted between the drop mass and OCS, and total 

crack length of the cartilage surface was strongly correlated with delivered energy. (2) 

Higher tightness of graft-host fit resulted in higher cumulative energy delivered to the 

graft during insertion, as well as more cartilage damage. (3) With same tightness of fit, 

the OCG with modified geometry led to less energy delivery to the graft during 

insertion, with less resultant damage to cartilage.  
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The experimental approach may be applied to a variety of impact insertion 

scenarios. The use of a cushion altered impact mechanics, mimicking certain aspects 

of graft insertion, and may be relevant to injury scenarios. Understanding the 

relationships between graft-host tightness of fit, graft geometry, and osteochondral 

graft insertion biomechanics may facilitate design for improved surgical instruments.  
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CHAPTER 1 

INTRODUCTION 

1.1 General Introduction to the Dissertation 

Articular cartilage is susceptible to impact injury and has limited healing 

potential. Focal cartilage defects are commonly located in weight-bearing areas of the 

joint, and are usually symptomatic. Such lesions can progress in size and depth and 

lead to development of osteoarthritis. Surgical intervention is often required to 

alleviate pain and restore joint function for the patients, as well as to minimize the 

progression of the lesion. Osteochondral graft (OCG) repair is one of the most 

effective treatment options for focal cartilage defect. During surgery, the surgeon 

applies multiple impact taps to insert the OCG into the OCR. Such an impact insertion 

procedure can result in damage to articular cartilage of OCG, and be deleterious to the 

clinical outcome.  

The overall motivation of this dissertation was: (a) to advance the 

understanding of biomechanics and the mechanobiological consequences of OCG 

impact insertion, (b) to develop potential strategies to preserve articular cartilage 

health during the surgical procedure and benefit clinical outcome. Ex vivo studies were 

conducted using adult bovine knee joints, a useful large animal model that provides 

solid base for future translational investigations. The objectives of this dissertations 

were: (1) to determine the critical biomechanical mediators for impact injury to OCG, 



2 

 

(2) to determine the effect of graft-host interference fit on biomechanics of OCG 

insertion, (3) to develop potential strategies to minimize damage to graft cartilage 

during OCG insertion, (4) to provide an innovative impact delivery system for studies 

of traumatic injury to osteochondral samples. 

Chapter 1 of the dissertation starts with a review of the important role of OCG 

repair in clinical management of cartilage defects, current issues about the surgical 

procedure, and the problems to be solved from bedside-to-bench perspectives. The 

chapter continues by discussing the background of the translational research problems 

from the aspects of biomechanics and mechanobiology. 

Chapter 2, which has been submitted in full to Journal of Biomechanics, 

introduces delivered energy density as one of the critical biomechanical determinant of 

damage to articular cartilage. This chapter utilizes a specialized impact load delivery 

system with a drop tower apparatus and a cushion material, providing an innovative 

approach to study traumatic injury to osteochondral samples. 

Chapter 3, which has been submitted in full to The American Journal of 

Sports Medicine, examines the effect of graft-host interference fit on OCG insertion 

biomechanics and the resultant damage to the cartilage of the graft. This chapter also 

describes strategies to minimize such damage by modifying subchondral bone 

geometry of the OCG. 

Finally, Chapter 4 summarizes the major findings and discusses future 

directions and potential bench-to-bedside applications of this work. 
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1.2 Clinical Perspectives of Osteochondral Graft Repair Surgery 

Articular cartilage has limited healing potential and is susceptible to damage 

caused by traumatic injury. The trauma can lead to partial-thickness or full-thickness 

focal cartilage defects [1], or intra-articular fracture [2]. Focal cartilage defects in the 

weight-bearing region of the joint are common [3, 4]. These lesions are usually 

symptomatic, resulting in pain and limited function of the joint [5, 6]. If left untreated, 

such defects can progress in size [7] and lead to osteoarthritis [8], causing further 

disability to the patient. Surgical intervention is often indicated to alleviate clinical 

symptoms and disease progression. 

OCG repair is one of the most effective surgical treatments for focal articular 

cartilage defects [9, 10]. Autologous OCG is best for smaller defects that have surface 

area generally less than 2 cm2.due to limited donor tissue availiability. The graft can 

be up to 10 mm in diameter and 12 to 15 mm in length. Allogenic OCG is ideal for 

larger defects, and can be larger in diameter than autologous OCG, but shorter (6 to 8 

mm) in length to minimize immunologic response at the bone contact surface with the 

host tissue [10, 11]. Insertion is typically accomplished by applying impact load to the 

articular cartilage of the OCG and may result in chondrocyte death [12]. Fixation of 

both types of OCG depend on certain amount of press fit with the OCR. Additional 

internal fixation with bioabsorbable or metal screws may be used to enhance graft 

stability, especially for huge allogenic OCG [10, 11]. Viable chondrocytes and 

cartilage matrix integrity are important for clinical success of the surgery [13, 14]. 

Understanding the mechanobiological factors that cause impact injury to the 

cartilage facilitates development of strategies to preserve cartilage health. Two 

features of impact damage to cartilage damage are fissure formation [15-17] and 

chondrocyte death [15, 18-20]. Modification of OCG repair surgical procedures or 
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instrument design may minimize damage to articular cartilage of the graft and benefit 

clinical outcome of the patients.  
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1.3 Biomechanics of Osteochondral Graft Insertion 

One of the key steps of osteochondral graft repair surgery is impact insertion of 

the OCG into the OCR. Understanding the biomechanics during such insertion process 

facilitates surgical procedure and instrument design, and may therefore improve the 

clinical outcome. The biomechanics of insertion involves graft-host interaction during 

OCG advancement, and therefore requires considerations in addition to isolated 

osteochondral or cartilage sample impact mechanics. 

The surgeon typically applies multiple taps to complete the insertion, and peak 

contact force of each tap increases gradually as the OCG advances into the OCR. This 

was shown by using adult bovine model, either with graft diameter of 4.6 mm [21] or 

8.0 mm [22]. Similarly, the insertional load increases when a metal nail is tapped 

deeper into the wood, and such process involves elastic deformation of both parts and 

plastic deformation mainly of the wood [23]. The graft-host interaction during OCG 

insertion into OCR may involve elastic and plastic deformation, as well as possible 

microfracture of the subchondral bones at the interface. Therefore, higher impact load 

may be required to further advance the graft from a deeper position. 

The time duration of each tap is brief. The typical measure of this is the 

duration between the two half maximal values of the peak contact force. This tap 

duration has been reported to be as short as 0.56 ms [12] or less than 1 ms [24] in 

human ex vivo model, 2.71 ms during in vivo surgery for goat [14], or approximately 5 

ms in an adult bovine model [22]. The biomechanical results of applying rapid, 

instantaneous impact load on isolated osteochondral samples may thus provide 

insights on OCG insertion biomechanics due to similar brief duration of the applied 

load. 
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When the OCG “bottoms out”, that is, when the OCG base first contacts the 

corresponding base of the OCR, peak contact force of each tap increases. Such 

bottoming out occurs normally if an OCG is longer than the corresponding OCR and 

the OCG is inserted until approximately flush with the OCR surface. In contrast, if an 

OCG is the same length or shorter than the OCR, bottoming out occurs if the graft is 

placed to be slightly recessed at completion of insertion. *should describe a bit of what 

level of OCG vs OCR surfaces are targeted, before the sentence before* Bottoming 

out the OCG results in substantial increase of the axial load in human ex vivo model 

[24, 25] or adult bovine model [21]. Such axial load is higher in shorter OCG due to 

higher structural stiffness [25]. Bottoming out or recessive seating of the OCG may be 

associated with better graft stability and graft-host healing after insertion. However, 

the resultant high amplitude loading of the final taps may jeopardize cartilage health of 

the OCG. 

Sufficient graft stability is crucial to clinical success of OCG repair surgery 

[26, 27]. Clinically, the OCG sustains compressive and shearing load after surgery. 

Experimentally, the issue of graft stability has been approached by measuring the pull-

out strength after OCG insertion in an ex vivo porcine model [28]. The pull-out 

strength increases with OCG length and diameter and decreases with repeated 

insertion. Another porcine model showed that after insertion, both pull-out and push-

in strength decreases after seven days of in vitro incubation, compared to samples 

measured on the same day of insertion [29], suggesting a possible decrease in graft 

stability in the week following surgery. It should be noticed that the graft-host healing 

response in vivo is not identical to that in the in vitro incubation model. The stress 

relaxation of the subchondral bone needs to be considered as well. 
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The graft-host interference fit between OCG and OCR can be an important 

consideration in surgical instrument design. Certain studies have reported the possible 

effect of interference on analogous situations of insertion. The insertional load is 

higher when driving nails of larger diameter into the wood [23]. The interference that 

exceeds the elastic limits of the inserted and the recipient parts leads to higher 

resistance to relative motion [30]. Tighter fit may be beneficial to graft-host healing 

due to better post-insertional graft stability, but at the same time may require higher 

impact energy to complete the insertion. The effect of interference fit on insertion 

biomechanics and the resultant tissue damage has not been reported.   
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1.4 Impact Mechanics of Articular Cartilage 

The material response of articular cartilage under axial load involves the type 

of load applied, the structure of the cartilage tissue as well as boundary conditions 

such as circumferential confinement of the tissue. The impact load applied to articular 

cartilage, such as that during OCG insertion into OCR, is typically instantaneous with 

minimal fluid exudation. Instantaneous deformation of cartilage disc is anisotropic and 

depends on collagen orientation. Under the same axial stress, the diameter deformation 

of human femoral head cartilage discs is more in the direction perpendicular to the 

articular cartilage split lines, and less in that parallel to the split lines. Such 

deformation increases with the applied axial stress, and decreases when the 

subchondral bone is attached to the cartilage samples [31]. Thus, the impact 

mechanics of OCG may be different from that of isolated cartilage samples. 

Articular cartilage as a viscoelastic biological tissue, commonly modeled as a 

biphasic material, is composed of fluid and solid phases [32]. Under unconfined 

compression, the applied load is initially supported mostly by pressurization of the 

fluid phase, which is restricted from instantaneous movement relative to the solid 

matrix. The load is also partially supported by the elastic deformation of the solid 

phase of cartilage. Since there is minimal fluid exudation, cartilage volume is 

conserved and lateral strain (expansion) is approximately half of the axial strain 

(compression). Stress relaxation of cartilage in this unconfined compression situation 

involves fluid exudation and decreased lateral expansion. As the load is sustained, 

fluid exudes from the periphery, and the radial recoil of the solid phase causes a 

decrease in the lateral expansion of the cartilage [33, 34]. 

Instantaneous load with sufficient amplitude can cause gross cracks in 

cartilage. When the load was applied rapidly enough, the articular cartilage absorbs 
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the applied load predominantly by crack formation. Axial strain of 30% and 50% 

applied with strain rate 1000 s-1 both results in cartilage cracks perpendicular to 

articular surface in human osteochondral plugs [15]. Higher axial strain results in 

longer, deeper cracks. Total applied energy of 0.49 J led to cracks in adult bovine 

cartilage discs 5 mm in diameter [16]. Such cracks are mostly 45 degrees to the 

articular surface, and extend only to the middle zone of cartilage. In addition, higher 

stress rate (900 MPa/s) is associated with more cracks compared to lower stress rate 

(40 MPa/s) in adult bovine cartilage discs 6.35 mm in diameter [17]. The formation of 

45 degree cracks may be explained by shear strain mechanism, which results in two 

deviatoric strain components both diagonal to the axial compressive load. The 

perpendicular cracks in human samples may be due to the customized experimental 

settings. Cartilage can be compressed from articular surface to only a certain depth, 

and the rest of the cartilage was confined in the metal chamber. 

Higher total applied energy results in higher energy delivered to, as well as 

dissipated by, isolated cartilage discs [35]. The impact energy was delivered to adult 

bovine cartilage discs using a drop tower apparatus. Force-displacement 

measurements allow determination of energy delivery and dissipation. Higher ratio of 

energy dissipation implies a more plastic material response [36], and may be 

associated with more cartilage matrix damage.  
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1.5 Impact Mechanobiology of Articular Cartilage 

Impact insertion of OCG during real surgery can cause chondrocyte death. 

Insertion of human OCG (15 mm in diameter) ex vivo by standard surgical procedures 

resulted in more cell death 48 hours after insertion, compared to the non-loaded OCG 

[12]. With impaction of human OCG, chondrocyte death increases with load 

magnitude [24]. Cell death aggregates at the superficial zone [12, 24] and spreads 

deeper into the articular cartilage [20, 37]. 

Impact insertion of OCG using a large number of gentle taps preserves cell 

viability. Cell death is correlated with mean impact force, but not with number of 

impact taps in porcine and bovine models [21]. When applying the same total impact 

impulse of 7 N�s, lower load magnitude coupled with more taps leads to higher 

chondrocyte viability, compared to higher load magnitude with less taps [24]. 

Previous studies have used isolated osteochondral samples to assess 

mechanobiology of impact injury to articular cartilage. Various mechanical factors 

during impact have been suggested to cause cartilage damage. Chondrocyte death is 

associated with impact force [21, 24, 37], contact stress [15, 19], compressive stress 

rate [17, 38], compressive strain [15, 39], compressive strain rate [40], and total 

impact energy [20, 35, 41]. Early intervention using biochemical agents such as 

caspase-inhibitors [42, 43] or anti-oxidative agents [44, 45] may improve chondrocyte 

survival after impact. 

Chondrocyte death increases with total applied energy. Depth of cell death is 

associated with the energy delivered by a spring device [21], or by a drop tower 

apparatus [20]. Sufficient applied energy results in fracture of the cartilage [20]. The 

material toughness to create fracture in the same plane for adult canine articular 

cartilage is 0.14 to 1.50 mJ/mm2 [46], and that of adult bovine to shear the cartilage 
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off the subchondral bone is 36 to 58 mJ/mm2 [47]. Damage to articular cartilage 

involves energy dissipation for viscoelasticity, friction, plastic deformation as well as 

creation of free surfaces [48]. Therefore, strategies altering impact mechanics and 

consequent energy distribution may decrease damage to articular cartilage. 
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CHAPTER 2 

BIOMECHANICS OF OSTEOCHONDRAL IMPACT: 

EFFECT OF CUSHIONING ON CARTILAGE DAMAGE 

2.1 Abstract 

Articular cartilage is susceptible to impact injury and the resultant damage may 

lead to development of osteoarthritis. The exact mechanical stimuli causing such 

damage are unknown, with suggested and known mechanobiological factors and 

mediators including compressive stress, compressive strain, impulse, and energy 

density. We tested the hypothesis that energy density delivered to the sample (ρOCS) is 

the most critical biomechanical determinant of cartilage damage during impact to 

osteochondral samples. A specialized drop tower apparatus with an optional cushion 

was used to generate a range of ρOCS as well as a variety of other mechanical factors. 

Damage to the articular cartilage quantified by total crack length and overall surface 

chondrocyte viability was strongly correlated with ρOCS. Quantification of the contact 

force and concomitant compressive displacement provided insight of modeling the 

biomechanics of osteochondral samples sustaining impact load. Presence of the 

cushion provided an innovative approach to study impact scenarios with additional 
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component for energy partitioning in the system, such as osteochondral graft insertion 

to repair cartilage defect, or soft tissue interposition during traumatic accidents. 
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2.2 Introduction 

Articular cartilage is susceptible to impact injury, occurring either naturally 

such as in accidents, or iatrogenically during certain surgical procedures such as 

osteochondral graft insertion. Such injury may progress to posttraumatic arthritis due 

to limited healing potential of the cartilage [1, 2]. Understanding the 

mechanobiological factors that cause damage to the cartilage may facilitate early 

intervention to improve cartilage survival. Previous studies have used isolated 

osteochondral samples (OCS) to assess impact mechanics and consequent injury to 

articular cartilage. Two features of cartilage damage are fissure formation [3-5] and 

chondrocyte death [3, 6-8]. When there is more fissure formation, chondrocyte death 

tends to aggregate along the surface fissure lines; otherwise, cell death occurs in a 

more diffuse pattern [3, 5].  

Various mechanical factors during impact have been suggested to cause 

cartilage damage. Chondrocyte death is associated with impact force [9-11], contact 

stress [3, 7], compressive stress rate [5, 12], compressive strain [3, 13], compressive 

strain rate [14], and total impact energy [8, 15, 16] applied to adult bovine 

osteochondral cylinders. Studies of OCS insertion for osteochondral defect repair, 

either using human cadaveric [10, 17], animal in vivo [18] or in vitro [11, 19] models, 

assessed applied energy, the resultant force and impulse, and number of impaction 

taps required for insertion. However, the exact mechanical stimuli causing such 

damage are unknown. 
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Impact energy delivered to biological tissue can transform into border free 

surface energy creating cracks. Fracture mechanics theory states that crack 

propagation occurs when energy delivered to the material overcomes the resistance of 

the material [20]. Such an energy criterion approach has been used to quantify the 

severity of articular fractures after normalizing such energy to interfragmentary bone 

surface area [21, 22]. Similarly, articular cartilage damage during impact may be 

associated with impact energy density, either normalized to total cartilage volume [15, 

16] or contact articular cartilage surface area [23, 24].  

 In certain scenarios, part of the impact energy can be absorbed by other 

components in the system. For example, in traumatic events such as traffic accidents 

or sports injury, there may be soft tissue interposition, or concomitant muscle reaction 

that counteracts the applied load or dissipates the traumatic energy. During 

osteochondral graft insertion to repair cartilage defect, certain surgical instrument 

designs incorporate impact load dispensing or absorbing material in the route of graft 

delivery to reduce injury to the cartilage of the graft [25]. To address these practical 

scenarios, a cushioning mechanism in the impact testing system can provide a good 

analog to such energy partitioning and therefore facilitate the study of the mechanics 

and the resultant biological responses. The hypothesis that energy density delivered to 

the osteochondral sample is a critical biomechanical determinant of impact injury to 

articular cartilage. The objectives of the present study were: (1) to determine the effect 

of applied energy level and cushioning on impact mechanics and articular cartilage 

damage, (2) to correlate articular cartilage damage with mechanical variables. 
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2.3 Materials and Methods 

Study Design 

In the following study, a number of biomechanical variables (Table 2.1) 

associated with osteochondral sample impact were quantified, based on axial load, 

F(t), and displacement, uAC,OCS(t), measurements as well as optical visualization of the 

sample during the impact event. Biological damage to articular cartilage was assessed 

as total crack length (Lcrack) and viability of chondrocytes at the cartilage surface 

(VAC,OCS). 

During OCS Impact, the effects of total applied energy density and cushioning 

on mechanical variables as well as damage to the OCS articular cartilage were 

analyzed with four study groups, each with n=6 samples: (1) ρPE =7.6 mJ/mm2, 

without cushioning, (2) ρPE =7.6 mJ/mm2 with cushioning, (3) ρPE =22.9 mJ/mm2, 

without cushioning, or (4) ρPE =22.9 mJ/mm2, with cushioning. The two levels of ρPE 

were chosen based on pilot studies to cause mild and severe cartilage damage, 

respectively. The structural stiffness of the cushion was 190 N/mm, similar to the 

stiffness of the OCS under the impact conditions of this study, with the expectation of 

diverting approximately half of the applied energy from the OCS to the cushion. 

Cushion Material  

The cushioning was provided with a round shaped silicon rubber material of 

diameter 12.0 mm and thickness (hCU) 3.3 mm, with 40 Durometer. 

OCS Preparation 
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A total of 24 OCS, 2.4 mm in radius (aSCB,OCS) with 5.0 mm subchondral bone 

height (hSCB,OCS), were prepared from the knees of adult bovines within 24h of 

sacrifice, essentially as described previously [26]. Adult bovine tissue was obtained 

from an abattoir. The distal parts of four femora were isolated from four animals. Each 

OCS was harvested using a custom made hardened steel coring bit. Continuous 

irrigation was performed throughout the harvesting procedure with phosphate-buffered 

saline (PBS) solution supplemented with antibiotics and antimycotics (100 U/mL 

penicillin, 100 mg/mL streptomycin, and 0.25 mg/mL amphotericin B, PSF) to 

minimize thermal damage. The edge of the articular cartilage of the OCSs was 

trimmed using a 3.0 mm sterile dermal punch (Integra Miltex, York, PA), leaving a 

center pin of cartilage 1.5 mm radius (aAC,OCS ) and articular surface area (AAC,OCS(t0-)) of 

7.07 mm2.  

Impact Loading and Data Acquisition 

A drop tower, validated to assess impact biomechanics, combining some 

features of previous designs [4, 27, 28] was used to apply impact load with known 

potential energy to the OCSs and obtain measures of biomechanical variables (Figure 

2.1). Impact was delivered through a customized rigid stainless steel surgical tamp 

(weight = 50 g) with flat surfaces (area=113 mm2) at both ends, with in-line 

mechanical load cell and tamp displacement sensor. The tamp was in direct contact 

with the articular surface of the OCSs. The cushion described above can be optionally 

included in-line between the load cell and the rigid tamp. 
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The load signals were obtained using a load cell (PCB208C05, PCB 

Piezotronics, Depew, NY) with 10 kHz sampling rate. The displacement was obtained 

using a laser displacement sensor (Acuity AR200, Schmitt Industries, Portland, OR) 

with 1 kHz sampling rate. Total applied energy density, ρPE, was computed as 

potential energy of the drop mass normalized to AAC,OCS(t0-). 

Cartilage Thickness Measurement 

Cartilage thickness before (hAC,OCS(t0-)) and after impact (hAC,OCS(t24hr+)) were 

determined by imaging the samples from the side, perpendicular to the long axis of the 

sample, with a scale bar under reflected light microscopy. The images were taken from 

four views with 90 degrees rotation around the long axis to each other. The distance 

from the center of cartilage-bone junction to the center of surface of cartilage was 

measured in pixels then converted to the unit of mm according to the scale bar, using 

NIH ImageJ software. Cartilage thickness was quantified by averaging the values 

obtained from the four views. 

Mechanical Data Analysis 

Quantification of mechanical variables was based on measurements of contact 

force and the concomitant displacement as functions of time throughout the impact 

event. Both load and displacement data underwent moving average of 1 ms data 

acquisition time. Relative zero for both force and displacement data was defined as the 

averaged value of 2 ms of data prior to releasing the drop mass. Contact force (F(t)) 

was determined by subtract relative zero from the load data. Relative zero for time (t0) 

was defined as the time point where F(t0) > 0.5 N. Peak contact force (Fp) occurred at 
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the time point tFp. Peak contact stress (σp) was calculated by normalizing Fp to 

AAC,OCS(t0-). The duration of the loading (T) was determined as the time interval 

between half peak force (½Fp) before and after Fp. The impulse (Ic) of the impact 

event was then calculated by integrating F(t) over the time range encompassing T 

(Figure 2.2A). 

Axial compressive displacement of articular cartilage of OCS (uAC,OCS(t)) was 

determined by subtract relative zero from the displacement data. The quantification of 

axial displacement of the cartilage (uAC,OCS(t)) based on measurement of the 

compression of the OCS under the rigid tamp. This included the compression of both 

the cartilage and the subchondral bone. The compressive modulus of adult bovine 

subchondral bone can be as high as 10 GPa [29] and that of the articular cartilage 

ranges from 0.3 to 49 MPa depending on the loading condition [30-32]. The average 

cartilage thickness (hAC,OCS(t0-)) and subchondral bone height (hSCB,OCS) were 1.5 and 5.0 

mm, and the cross sectional area of the cartilage and bone were 7.07 and 18.10 mm2, 

respectively. Accordingly, the ratio of structural stiffness of [cushion : cartilage : 

bone] was approximately [1:1:191]. Based on the assumptive model of three elastic 

materials connected in serial and therefore sustaining the same loading force, law of 

mechanics indicates the compressive displacement ratio, and consequently the energy 

delivery ratio of [cushion : cartilage : bone] to be as such. We therefore considered 

hSCB,OCS, and subsequently the radius of the subchondral bone (aSCB,OCS), were constant 

throughout the impact event. 



25 

 

Peak axial displacement (up
AC,OCS) occurred at time point tup. Peak axial strain 

(εp) was calculated by normalizing up
AC,OCS to hAC,OCS(t0-) (Figure 2.2B). The energy 

delivered to the sample (WOCS) was calculated by integrating F(t) over uAC,OCS(t) from 

zero to up
AC,OCS, then normalized to AAC,OCS(t0-) to obtain the energy density delivered to 

the sample (ρOCS). The fraction of energy density delivered to the sample was therefore 

ρOCS
 /ρPE. The dissipated energy (WDS

OCS) was calculated by integrating the closed area 

inside the force-displacement hysteresis loop, then normalizing such value to AAC,OCS(t0-

) to obtain dissipated energy density (ρDS
OCS) (Figure 2.2C). 

Subsequent to impaction, the drop mass was left on the tamp to generate a 

static load (Fs) for 0.5 s then lifted off to unload the tamp. The total time duration of 

data acquisition was 2 s. 

Cartilage Damage Assessment 

Matrix damage was assessed by quantifying the overall length of cracks (Lcrack) 

on articular cartilage surface one day after impact. Samples were stained using India 

Ink essentially as described previously [33, 34]. Surface image of the articular 

cartilage of the samples were obtained, together with a scale bar under reflected light 

microscopy. Lcrack was determined by half of the measured total length of all edges of 

cartilage surface cracks, then converted to mm. Articular cartilage surface area post 

impact (AAC,OCS(t24hr+)) were measured using area selection tool then converted to mm2. 

Image processing and measurements were done using NIH ImageJ software. 

Surface chondrocyte viability (VAC,OCS) was defined as (live cells) / (live + dead 

cells) in the 2.7×0.75 mm2 central area across the diameter of the articular cartilage 
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surface. Samples were incubated for 24hr in tissue culture medium [35], stained with 

LIVE/DEAD® then imaged en face using fluorescence microscopy, essentially as 

described previously [17, 36]. Only some of the samples underwent chondrocyte 

viability assessment (four, two, three, two samples for group 1, 2, 3, 4, respectively). 

Statistics 

The effects of ρPE and cushioning on AAC,OCS(t24h+), Fp, Fs, hAC,OCS(t0-), 

hAC,OCS(t24h+), Ic, Lcrack, T, tFp, tup, up
AC,OCS, us

AC,OCS , VAC,OCS, WDS
OCS, WOCS, εp, ρDS

OCS, ρOCS, 

ρOCS /ρPE, σp were assessed by two-way ANOVA. The relationship between total crack 

length and each of the mechanical variables was assessed by linear regression. Data 

are expressed as mean±SD. VAC,OCS and εp were arcsine-transformed and the other data 

were log-transformed before statistical analysis. Significance was set at α=0.05. 
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2.4 Results 

Cushioning and the magnitude of ρPE both had effect on impact mechanics 

(Table 2). Higher ρPE resulted in higher F(t) and therefore higher σp,  while cushioning 

resulted in lower F(t) and σp. T was longer in samples loaded with cushioning as well 

as with lower ρPE. Higher ρPE and cushioning both resulted in higher Ic (Figure 2.3A). 

Higher ρPE resulted in higher up
AC,OCS and εp, while cushioning resulted in lower 

up
AC,OCS and εp (Figure 2.3B). Both WOCS and WDS

OCS, and therefore ρOCS and ρDS
OCS, 

were higher in samples loaded with higher ρPE and without cushioning (Figure 2.3C). 

ρOCS/ρPE did not vary with ρPE, but decreased to around 50% with cushioning.  

The resultant mean value of Lcrack was about three times higher in samples 

loaded with higher ρPE compared to lower ρPE, and decreased 50% and 83% with 

cushioning, respectively (Figure 2.3D-E). There was no interactive effect between ρPE 

and cushioning on any of the above variables. 

Higher ρPE resulted in a shorter tFp and cushioning resulted in longer tFp 

(Figure 2.3A), without interaction. tup did not vary with ρPE or cushioning (Figure 

2.3B), but there was interactive effect. tFp occurred prior to tup, except for samples 

loaded with lower ρPE with cushioning. 

ρOCS was the mechanical variable most closely correlated with the extent of 

cartilage damage. Lcrack was strongly correlated with ρOCS (R2=0.91, Figure 2.4A), σp 

(R2=0.88. Figure 2.4B) as well as ρDS
OCS (R2=0.89), moderately correlated with εp 

(R2=0.53, Figure 2.4C) and T (R2=0.45, Figure 2.4D) (each p<0.001). Lcrack was 
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weakly correlated with ρOCS /ρPE (R2=0.31, Figure 2.4E, p<0.01), but not correlated 

with Ic (R2=0.19, Figure 2.4F, p<0.05). 

Chondrocyte death was evident adjacent to cracks, or else in a more diffuse 

pattern in the absence of cracks (Figure 2.3F-G). Cushioning had protective effect on 

VAC,OCS, with the highest mean value of 88% in samples loaded with lower ρPE with 

cushioning, where there was minimal Lcrack present. The grand mean of cartilage 

thickness before impact, hAC,OCS(t0-) was 1.54 mm and did not differ among the four 

study groups, and increased slightly 24 hours after impact. AAC,OCS(t24hr+) was larger 

with higher ρPE and smaller with cushioning, but there was interactive effect. 
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2.5 Discussion 

The impact event was therefore illustrated with more articular cartilage tissue 

deformation for samples loaded without cushioning (Figure 2.5A). Inclusion of the 

cushion partitioned part of the impact energy and resulted in less resultant up
AC,OCS and 

thus less cartilage deformation (Figure 2.5B). 

The results described here indicated that damage to the articular cartilage, in 

the form of surface cracks formation in OCS impact was most strongly correlated with 

energy density delivered to the sample, ρOCS, as well as the dissipated energy density 

ρDS
OCS. Increased ρOCS led to more tissue damage represented by articular cartilage 

cracks and cell death adjacent to the crack lines. ρOCS was determined by the 

spatiotemporal behavior of the articular cartilage under load, namely by the integration 

of force on displacement as functions of time encompassing the impact event, 

including both stored and dissipated energies. The experimental settings combining 

two levels of applied energy density and the optional cushion material resulted in a 

range of ρOCS linearly correlated to the total crack length, Lcrack, suggesting that energy 

density delivered to the sample may be the critical biomechanical determinant of 

material damage to articular cartilage. 

The analysis of energy density and assessment of articular damage require 

some remarks on certain theoretical and experimental issues. The determination of 

ρOCS
 was simplified by taking into account only the uniaxial displacement, without 

considering tissue deformation in other dimensions. F(t) was measured on the top of 

the tamp, which included the friction forces in the impact delivery system. The true 
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force acting on the OCS during impact may have been less than F(t). The acceleration 

of the tamp, in addition to that of the drop mass, may have contributed to the resultant 

uAC,OCS(t) and therefore ρOCS as well. Quantification of ρPE did not take into account 

such effect of the tamp. As a result,  ρOCS
 may have been overestimated. 

 The effects of the cushioning on impact biomechanics facilitate study of the 

biomechanics of osteochondral graft insertion for cartilage defect repair. Cushioning 

resulted in about 50% decrease of ρOCS, which is in accordance with this assumptive 

model. During the surgical procedure, the applied load advances the graft into the 

recipient socket. Certain fraction of applied energy transforms to work that moves 

forward the graft, or at the same time dissipates at the host-graft junction due to 

friction or tissue deformation. Other part of the applied energy is delivered to the 

osteochondral graft and can cause damage to the articular cartilage. The partitioning of 

the applied energy may depend on the insertional tightness of fit. Impact without 

cushioning approximates the boundary condition of extreme tightness with minimal 

graft advancement during surgery of OCS insertional repair. In the present study, 

cushioning decreased about half of the delivered energy fraction to the sample with 

less resultant damage to articular cartilage. This provides an analog to surgery of OCS 

insertional repair for cartilage defect, during which the graft advances into the 

recipient site with less insertional tightness. Cushioning altered the impact mechanics 

in the way that the contact force and axial compressive displacement both distributed 

over a wider timeframe with smaller peak value. In addition, this provides information 
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in future study of the biomechanics of in vivo traumatic injury to cartilage with soft 

tissue interposition. 

The pattern of surface chondrocyte death may be explained by distribution of 

the energy delivered to the sample. In addition to free surface energy of cracks, the 

energy applied to non-linear, viscoelastic materials also transforms into elastic energy 

storage as well as viscous, frictional and plastic dissipation. WDS
OCS as the energy 

density inside the hysteresis loop represents the magnitude of energy dissipation 

during the impact event, and was strongly correlated with Lcrack in our study. Using 

modified single edge notch test, the fracture toughness of normal adult canine articular 

cartilage has been quantified as between 0.14 and 1.50 mJ/mm2, albeit the test was 

performed with first creating a notch in the subchondral bone as well as the deep zone 

of cartilage, then propagate the cracks in the same plane toward the superficial zone 

[37]. In the present study, the mean value of fracture toughness of cartilage of OCS 

was 12.0 mJ/mm2 by normalizing WDS
OCS to total crack surface area when assuming 

that all cracks were full-thickness extending to the cartilage-bone junction. This value 

is greater than that of the canine model, and lower than that of 36-58 mJ/mm2 to shear 

cartilage off the osteochondral junction in adult bovine explants [38]. The difference 

of cartilage fracture initiation and propagation as well as animal species may also have 

effect on the measured fracture toughness. In addition, the energy dissipation should 

be relatively small in regions not adjacent to the cracks [37, 39]. This provides 

theoretical basis for aggregated cell death along the cracks, which was reported in the 

literature [3, 5]. When there was no crack of the articular cartilage, energy dissipation 
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was not shared by creation of cracks, but more evenly distributed across the sample 

and so was the pattern of cell death. As a result, the effect of ρPE on VAC,OCS and the 

correlation between Lcrack and VAC,OCS were not obvious in our study. 

The present study provided new information of increasing tissue damage with 

increasing energy density delivered to the sample (ρOCS), while the two levels of 

applied energy density (ρPE) were generally in accordance with those reported in the 

literature. It was suggested that the applied energy density of 1 mJ/mm3 was the 

“threshold” of chondrocyte death [3]. Total applied energy density of 30.9 mJ/mm2 

delivered by a metal impactor 5.5 mm in diameter using a drop tower has been 

described to cause chondrocyte death and cartilage matrix damage of adult bovine 

osteochondral explants 25 by 25 mm2 in size [24]. Impact energy delivered by a drop 

mass, equivalent to applied energy density of 10 to 50 mJ/mm2 [4] to articular 

cartilage samples, or 13 and 19 mJ/mm2 [8] to osteochondral cores have been 

associated with damage to cartilage. A logarithmic dose-response relationship was 

found in between applied energy equivalent of 0.9 to 102 mJ/mm2 and depth of cell 

death using a spring device on osteochondral cylinders [11]. Since the fraction of 

delivered energy may vary depending on the boundary conditions of the impact 

scenario, the energy that is actually delivered to the sample during the impact event 

(ρOCS) may be more critical than total applied energy to the system (ρPE). 

σp was determined by normalizing the peak value of the applied load to contact 

surface area. However, with the same peak value, how the applied load distributed 

over such time span of the impact event may elicit different mechanical response in 
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space and time as well as different biological consequences due to the viscoelasticity 

of the cartilage tissue. This was shown mechanically in theoretical model [40] and also 

experimentally using cartilage explants when the tissue was not circumferentially 

confined [41], and biologically in such unconfined compression setting represented by 

biosynthetic activity in matrix regulation [41, 42] and cell death [41], as well as in 

cartilage explants [12], or confined compression of cartilage discs [14]. Therefore, 

critical stress intensity may be applied to characterize failure behaviors of linear, 

elastic materials, but less applicable to viscoelastic, inhomogeneous fibrous material 

such as articular cartilage. Delivered energy density may better represent the impact 

magnitude sustained by articular cartilage compared to other mechanical factors. 

The results provided important information for future modeling of articular 

cartilage sustaining impact load under a semi-confined condition. In our study, the 

bottom of the OCS cartilage attaching to the subchondral bone was circumferentially 

confined, whereas the articular surface is not confined, only with certain degrees of 

friction at the contact surface with the rigid tamp. The boundary conditions are 

different from the classic unconfined compression of isolated cartilage samples, or 

those compressed with a porous platen on the cartilage surface within a 

circumferentially confining chamber. The volume of the cartilage was relatively 

conserved during impact type loading [40].  

Our study did not assess the direct cause of tissue damage and cell death in 

cellular level, but our findings brought insights in the biomechanics of articular 

cartilage damage and mechanobiology of cell death for the above-mentioned 
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applicable real-life scenarios. This may provide foundations for future work in 

preserving articular cartilage tissue integrity and chondrocyte survival during surgical 

procedures such as osteochondral graft insertion for cartilage defect repair. 
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 Figure 2.1  Schematic of the drop tower with an optional cushion included in-line 
between the drop mass and the rigid tamp. 
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 Figure 2.2  Definition and quantification of mechanical variables based on (A) 
force and (B) displacement measurements as functions of time, and (C) Energy 
calculation based on force as a function of displacement.  
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 Figure 2.3  Effect of applied energy density (ρPE) and cushioning on impact 
mechanics and biological outcomes. (A) force, (B) displacement, (C) energy loop. 
Articular cartilage of samples were stained with India Ink to visualize surface cracks 
from (D) oblique, and (E) En Face views. Chondrocyte viability was determined 
under fluorescence microscopy to visualize (F) live cells in green, and (G) dead cells 
in red. Roman number (i-iv) represent the four study groups. In (A-C), solid colored 
lines represent typical sample in the group, and black dashed lines represent group 
mean±SD (n=6 each)  
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 Figure 2.4  Correlation analysis of articular cartilage damage with mechanical 
variables. 
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 Figure 2.5  Spatiotemporal schematic of osteochondral sample impact. (A) 
Without cushion. (B) With cushion. 
. 
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parameter definition unit 

AAC,OCS(t0-) articular cartilage surface area prior to impact mm2 
aAC,OCS radius of AC surface of OCS mm 
aOCR radius of OCR mm 
aSCB,OCS radius of SCB of OCS mm 
hAC,OCS(t0-) thickness of AC of OCS prior to impact mm 
hCU thickness of the cushion mm 
hOCR depth of OCR relative to cartilage surface mm 
hSCB,OCS height of SCB of OCS mm 
ρPE total applied energy density during impact mJ/mm2 
 

variable definition unit 
AAC,OCS(t24hr+) articular cartilage surface area 24 hours post impact mm2 
F(t) contact force applied on the tamp N 

Fp 
peak contact force applied on the tamp during OCS 
impact N 

Fs static load on OCS after impact N 
hAC,OCS(t24hr+) thickness of AC of OCS 24 hours post impact mm 
Ic impact impulse of the OCS impact event N�ms 

Lcrack 
total crack lengths on articular cartilage surface of 
OCS mm 

T impact time duration during OCS impact ms 
t relative timeframe for impact event ms 
t0 relative zero for time at which impact event begins ms 
tFp time at when Fp occurs ms 
tup time at when up occurs ms 
uAC,OCS(t) axial compressive displacement of AC of OCS mm 

up
AC,OCS peak axial compressive displacement of AC of OCS 

during OCS insertion or impaction mm 

us
AC,OCS axial compressive displacement of AC of OCS with 

static load on OCS mm 

VAC,OCS surface chondrocyte viability of AC of OCS post 
impact % 

WOCS energy delivered to OCS mJ 
WDS

OCS dissipated energy mJ 
εp peak axial strain of AC of OCS mm/mm 
ρOCS energy density delivered to OCS mJ/mm2 
ρDS

OCS dissipated energy density mJ/mm2 
σp peak contact stress MPa 

 

 Table 2.1  Biomechanical parameters and variables. 
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ρPE

 
[mJ/ 
mm2] 

Cush-
ion 

hAC,OCS 

(t0-) 
[mm] 

hAC,OCS 

(t24hr+) 
[mm] 

AAC,OCS 

(t24hr+) 
[mm2] 

Fp 
[N] 

σp 
[MPa] 

Ic 
[N� 
ms] 

T 
[ms] 

tFp 
[ms] 

tup 
[ms] 

up
AC,OCS 

[mm] 
εp 
 

WOCS
 

[mJ] 
WDS

OCS
 

[mJ] 
ρOCS

 
[mJ/ 
mm2] 

ρDS
OCS

 
[mJ/ 
mm2] 

ρOCS
 / 

ρPE 
Lcrack 
[mm] 

VAC,OCS 
[%] 

7.6 − 1.59 
±0.18 

1.65 
±0.19 

7.88 
±0.64 

123 
±15 

17.4 
±2.2 

267 
±26 

2.7 
±0.4 

3.1 
±0.6 

3.9 
±0.6 

0.86 
±0.20 

0.55 
±0.15 

62 
±8 

49 
±7 

8.7 
±1.2 

7.0 
±0.9 

1.15 
±0.16 

3.6 
±1.6 

79 
±15 

7.6 + 1.58 
±0.26 

1.62 
±0.10 

7.18 
±0.36 

97 
±5 

13.8 
±0.7 

328 
±42 

4.0 
±0.4 

4.1 
±0.5 

3.7 
±0.7 

0.61 
±0.08 

0.39 
±0.09 

32 
±6 

20 
±2 

4.5 
±0.9 

2.9 
±0.3 

0.59 
±0.11 

0.6 
±1.1 

88 
±15 

22.9 − 1.63 
±0.31 

1.69 
±0.35 

10.92 
±1.51 

240 
±12 

33.9 
±1.6 

405 
±38 

2.2 
±0.2 

2.2 
±0.4 

3.1 
±0.5 

1.08 
±0.20 

0.67 
±0.09 

190 
±21 

169 
±20 

26.9 
±2.9 

23.9 
±2.9 

1.18 
±0.13 

11.4 
±0.7 

72 
±25 

22.9 + 1.37 
±0.22 

1.44 
±0.19 

8.28 
±0.74 

175 
±10 

24.8 
±1.4 

490 
±44 

3.7 
±0.3 

3.5 
±0.1 

4.0 
±0.3 

0.78 
±0.10 

0.58 
±0.09 

95 
±7 

67 
±7 

13.4 
±1.1 

9.4 
±1.0 

0.59 
±0.05 

5.7 
±1.6 

75 
±8 

Effect of 
ρPE 

(p-value) 
0.33 0.31 *** *** *** *** ** *** 0.33 ** ** *** *** *** *** 0.76 *** 0.12 

Effect of 
cushioning 
(p-value) 

0.18 0.14 *** *** *** *** *** ** 0.13 *** * *** *** *** *** *** *** * 

Interactive 
effect 
(p-value) 

0.23 0.31 * 0.20 0.20 0.94 0.16 0.13 * 0.84 0.58 0.70 0.57 0.70 0.57 0.76 0.06 0.30 

Lcrack 
regression, 
(R2)  

n/a n/a n/a 0.88 
*** 

0.88 
*** 

0.19 
* 

0.45 
*** n/a n/a 0.54 

*** 
0.53 
*** 

0.91 
*** 

0.89 
*** 

0.91 
*** 

0.89 
*** 

0.31 
** n/a 0.09 

(p=0.36) 

 

 

 Table 2.2  The effect of ρPE and cushioning on mechanics and biological 
outcomes. Statistical results are indicated as *** p<0.001, ** p<0.01, * p<0.05, ns: 
non-significant (with p value), n/a: not applicable. 
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CHAPTER 3 

INSERTION BIOMECHANICS AND CHONDROCYTE 

VIABILITY OF OSTEOCHONDRAL GRAFTS: EFFECTS 

OF INTERFERENCE FIT AND MODIFICATION 

 

3.1 Abstract 

Osteochondral graft (OCG) repair is one of the most effective surgical 

treatments for focal articular cartilage defects. Certain amount of impact load was 

applied to the articular cartilage (AC) of the OCG during surgery and can result in 

chondrocyte death and matrix damage. The effect of graft-host interference fit (ΔR) on 

OCG insertion biomechanics and the mechanobiological consequences has not been 

reported. The hypotheses of the present study were: (a) increasing tightness of graft-

host interference fit leads to higher insertion energy and resultant AC damage, and (b) 

modifying OCG geometry can alter mechanics of impact insertion and therefore 

reduce insertion energy and resultant AC damage. The insertion biomechanics and 

graft cartilage were compared among study groups of (1) loose fit (ΔR=0.00mm), (2) 

moderate fit (ΔR=0.05mm) and (3) tight fit (ΔR=0.10mm), as well as between the 

same tight fit group and (4) modified OCG (ΔR=0.10mm). Successive taps were 
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applied to insert OCG into OCR using a drop tower apparatus based on a preset 

protocol with increasing applied impact energy. Insertion energy (Winsert
Tamp), energy 

delivered to AC of OCG (Winsert
AC,OCG), OCG advancement energy (Wadv) and other 

mechanical variables were quantified based on contact force and axial displacement 

measurements. Cartilage damage was assessed by viability of chondrocytes (VAC,OCG) 

and total crack length (Lcrack) at surface of AC. Subchondral bone compaction at graft-

host interface was assessed qualitatively based on micro-computed tomography (μCT) 

imaging after insertion. Tighter graft-host fit lead to more total number of taps (N) to 

complete the insertion, higher Winsert
Tamp, Winsert

AC,OCG, lower subchondral bone 

compaction and lower resultant VAC,OCG. Under the same tight graft-host fit, 

Modification of OCG geometry lead to less N, Winsert
Tamp, Winsert

AC,OCG and higher 

resultant VAC,OCG, as well as less Wadv during the middle portion of insertion. Lcrack was 

strongly correlated with Winsert
AC,OCG. The results provided novel and important 

information for surgical instrument design. Tighter graft-host fit may lead to better 

graft stability after insertion, with the price of deleterious effect on graft cartilage 

health. Modification of OCG geometry altered insertion mechanics and may reduce 

cartilage damage while maintaining mechanical stability and biological integration 

propensity. 
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3.2 Introduction 

Osteochondral graft (OCG) repair is one of the most effective surgical 

treatments for focal articular cartilage defects [1, 2]. During insertion, certain amount 

of impact load was applied to the articular cartilage (AC) of the OCG and may result 

in chondrocyte death [3]. Viable chondrocytes and cartilage matrix integrity are 

important for clinical success of the surgery [4, 5]. 

The biomechanics during the OCG insertion process has not been fully 

understood. The surgeon applies a total number of taps (N) to insert the OCG into the 

Osteochondral recipient site (OCR). For each tap #i, The peak force (Fp[i]) increases 

as the OCG advances deeper [6, 7]. Fp[i] increases substantially as the OCG bottoms 

out [6, 8], and is higher in shorter OCG due to higher structural stiffness [9]. The 

average time duration of each manually applied tap (T[i]) is brief, ranging from 0.5 to 

5 ms [3, 5, 7, 8]. However, the distribution of the impact energy delivered to the graft 

and the resultant tissue strain and OCG advancement has not been reported. 

Understanding the mechanobiology of articular cartilage damage is crucial for 

preserving graft tissue health during surgery. Damage to the AC during OCG impact 

has been related to various biomechanical factors. Energy density delivered to 

osteochondral samples was strongly correlated to cartilage matrix damage (Chapter 

2). Chondrocyte death is associated with Fp[i] during OCG insertion [6, 8], also with 

impact force [8], contact stress [10, 11], compressive stress rate [12, 13], compressive 

strain [10, 14], compressive strain rate [15], and total impact energy [16-18] for non-

insertional impact scenarios. 
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The graft-host interference fit (ΔR) between OCG and OCR is one of the key 

parameters for surgical instrument design. Certain analogous studies have introduced 

the effect of ΔR on insertion mechanics. The insertional load is higher when driving 

nails of larger diameter into wood [19]. The interference that exceeds the elastic limits 

of the inserted and the recipient parts leads to higher resistance to relative motion [20]. 

Accordingly, tighter fit can be beneficial to graft-host healing due to better post-

insertional graft stability, but at the same time can require higher impact energy to 

complete the insertion. The effect of ΔR on OCG insertion biomechanics and the 

resultant graft cartilage damage has not been reported. 

The hypotheses of the present study were: during OCG insertion into OCR, (a) 

increasing tightness of graft-host interference fit leads to higher insertion energy and 

resultant AC damage, and (b) modifying OCG geometry can alter mechanics of impact 

insertion and therefore reduce insertion energy and resultant AC damage. The specific 

aims were: to determine the effect of ΔR on (1) biomechanics of OCG insertion, (2) 

damage to cell and matrix of AC, and (3) to compare the insertion biomechanics and 

resultant AC damage between standard OCG and modified OCG. 
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3.3 Materials and Methods 

Study Design 

Study 1. The effect of ΔR on biomechanics of insertion and damage to articular 

cartilage was assessed by total energy density delivered to AC of OCG (Winsert
AC,OCG), 

total tap numbers (N), cumulative OCG advancement distance (uadv[m]) as a function 

of cumulative insertion energy (WTamp[m]) and surface chondrocyte viability (VAC,OCG), 

with three study groups: (1) loose fit: ΔR=0.00 mm (n=7), (2) moderate fit: ΔR=0.05 

mm (n=6), (3) tight fit: ΔR=0.10 mm (n=6).  

Study 2. The effect of OCG geometry modification on biomechanics of 

insertion and damage to articular cartilage was assessed with two study groups, both 

had tight fit, ΔR=0.00 mm: (1) standard OCG (n=6), (2) modified OCG (n=7). 

Detailed Experimental Methods 

Sample Preparation. A total of 41 OCGs and 26 OCRs were prepared sterilely 

from distal femora of six adult bovine animals within 24 h of sacrifice, essentially as 

described before (Chapter 2). In short, the radius and subchondral bone height of the 

OCGs were 2.40 mm and 5.00 mm, respectively. The OCRs were prepared with 

osteochondral cuboid blocks with around 200 mm2 base area and 20 mm height. 15 

OCGs served as control samples without any impact loading treatment. 19 OCGs were 

used in Study 1. For Study 2, Seven OCGs underwent geometry modification, and 

were compared to the six tight fit samples in Study 1.  

Graft-host Interference Fit (ΔR) was defined as the radius of the OCG (2.40 

mm) minus the radius of the OCR (aOCR). The recipient sites were drilled in the center 
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of the cuboid blocks to 10 mm of depth from the articular surface to the bottom using 

stainless steel drill bits of 4.80, 4.70 and 4.60 mm in diameter. Therefore, aOCR was 

2.40, 2.35 and 2.30 mm, resulting in three levels of ΔR: 0.00, 0.05 and 0.10 mm (Fig. 

3.1A). 

OCG geometry modification. An offset 2 mm in height and 0.25 mm in depth 

was created 1.5 mm below the cartilage-bone junction of the OCG (Fig. 3.1B). The 

OCG was mounted on a spinning collet (diameter 4.8 mm) of a drill mill machine, 

with appropriate protection and hydration of the articular cartilage. A 2.00 mm-thick 

rectangular hand file was mounted on the platform of the drill mill, and then gently 

slid inward until 0.25 mm of depth to create the offset. 

OCG Insertion. The OCG was pre-inserted manually 1.5 mm into the OCR. 

Serial taps of impact load (F(t)) was then applied to the OCG using the drop tower 

apparatus essentially as described before (Chapter 2). The applied energy density for 

the first tap (WPE) was 16.0 mJ, and then increased by a factor of 1.5. Thus, for tap #i, 

WPE = 16.0×1.5(i-1). Serial taps were applied until tap #N (when i=N), after which the 

articular surface of the OCG was flush with that of the OCR (Fig. 3.2A). The articular 

cartilage of the OCG was sliced off using a sterile scalpel after insertion and incubated 

24 h before cell viability analysis, then fixed with PBS + Proteinase Inhibitors, 

essentially as described before (Chapter 2). 

Outcome Analysis 

The mechanical variables were quantified based on the signals from the load 

sensor and laser displacement sensor essentially as described before (Chapter 2). In 

short, for each tap, i, peak contact stress (σp[i]) was obtained by normalizing peak 
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contact force (Fp[i]) to the AC surface area of OCG (AOCG, 18.09 mm2). Impact 

impulse (IC[i]) was quantified by integrating impact force over the time frame 

encompassing impact time duration (T[i]). Peak axial displacement of AC of OCG 

(up
AC,OCG[i]) was estimated as peak axial displacement of the tamp (up

Tamp[i]) minus 

OCG advancement distance during for each tap (uadv[i]). Peak axial strain of AC of 

OCG (εp[i]) was obtained by normalizing up
AC,OCG[i] to thickness of AC of OCG 

(hAC,OCG). For each tap, insertion energy delivered by the tamp to the sample (WTamp[i]) 

was quantified by integrating F(t) over axial displacement of the tamp (uTamp(t)). 

Energy delivered to AC of OCG (WAC,OCG[i]) and OCG advancement energy (Wadv[i]) 

were determined by: (a) WTamp[i] ≅ WAC,OCG[i] + Wadv[i], (b) WAC,OCG[i] : Wadv[i] ≅ 

up
AC,OCG[i] : uadv[i] (Fig. 3.2A). 

Total energy delivered to AC of OCG (Winsert
AC,OCG) was defined as the sum of 

WAC,OCG[i] of all taps for each OCG. Cumulative OCG advancement distance (uadv[m]) 

and cumulative insertion energy (WTamp[m]) was defined as the sum of uadv[i] and 

WTamp[i], from the first tap to tap #m (i=1 to i=m), respectively. 

In Study 2, data of cumulative OCG advancement energy was interpolated into 

estimated values (Wadv) corresponding to five defined depth of OCG position in OCR, 

from uadv[m]=0.00 to 5.00 mm, each 1.00 mm in depth (Fig. 3.2B). 

VAC,OCG and Lcrack were quantified essentially as described before (Chapter 2). 

In short, VAC,OCG was calculated as (live cells) / (live + dead cells) in the 3.75×0.75 

mm2 central area across the diameter of the articular cartilage surface, under 

fluorescence microscopy 24 hrs after impact insertion of the OCG. Lcrack was 

measured after India Ink staining, as the total surface crack length of each OCG, by 
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three independent observers with repeatable measurement values (intraclass 

correlation coefficient, ICC=0.98). 

Micro-computed tomography (µCT) imaging. Representative sample of each 

experimental group was chosen for µCT scanning for qualitative assessment of the top, 

middle and bottom parts of graft-host subchondral bone interface, with settings 

essentially as described before [4]. In short, the samples were scanned at 9 µm3, and 

the images were reconstructed using a beam hardening correction algorithm. 

Statistical Analysis 

The difference of Winsert
AC,OCG, N, VAC,OCG among the four study groups (loose 

fit, moderate fit, tight fit, tight fit with OCG geometry modification) were assessed 

using one-way ANOVA. the effect of ΔR on the above variables was then assessed 

with Tukey post-hoc test. The effect of OCG geometry modification was assessed as 

planned comparison using two-tailed unpaired student t test. 

Study 1. The effects of ΔR on Fp[i], σp[i], IC[i], T[i], up
Tamp[i], up

AC,OCG[i], 

uadv[i], εp[i], WTamp[i], WAC,OCG[i], Wadv[i] were assessed using one-way ANOVA for 

the first five taps (1 ≤ i ≤ 5), and unpaired two-tailed student t test for 6 ≤ i ≤ 8. 

Study 2. The effect of OCG geometry modification on Wadv in the five defined 

insertion depths was assessed using unpaired two-tailed student t test. The effects of 

OCG geometry modification on Fp[i], σp[i], IC[i], T[i], up
Tamp[i], up

AC,OCG[i], uadv[i], 

εp[i], WTamp[i], WAC,OCG[i], Wadv[i] were assessed using unpaired two-tailed student t 

test. 
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The relationship between Lcrack and Winsert
AC,OCG for all OCG samples in both 

studies was assessed by linear correlation.Data are expressed as mean±SD. 

Significance was set at α=0.05. 
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3.4 Results 

Study 1 

Tighter interference fit resulted in more total number of taps and higher total 

energy delivered to AC of OCG at completion of insertion (Fig. 3.3A-B). The tight fit 

group had two times higher of the mean value of N, and 25 times higher Winsert
AC,OCG 

compared to the loose fit group. When looking at uadv[m] as a function of WTamp[m], 

tighter interference fit presented a “right-shift” phenomenon of the sigmoid curve 

(Fig. 3.3D). This indicated that more insertion energy was required to reach the same 

level of OCG advancement into the OCR. 

Tighter interference fit led to higher WAC,OCG[i] for the first five taps, higher 

Wadv[i] for the first four taps and higher Fp[i], σp[i] for the first three taps. Tighter fit 

led to shorter T[i], up
Tamp[i] and uadv[i] for tap #3 and #4. WTamp[i], up

AC,OCG[i], IC[i] 

were generally similar among loose, moderate and tight fit groups except for tap #6. 

(Fig. 3.4A-C, Table 2) 

Tighter interference fit resulted in more surface chondrocyte death and 

cartilage tissue cracks of OCG (Fig. 3.3C, Fig. 3.4D-F). The mean value of VAC,OCG 

was 98%, 94%, 83%, 57% for no load control, loose, moderate and tight fit groups, 

respectively. 

 Study 2 

Modification of OCG geometry resulted in less total number of taps and lower 

total energy delivered to AC of OCG at completion of insertion (Fig. 3.3A-B). The 

mean value of N decreased from 9.7 to 7.6, and Winsert
AC,OCG decreased 72%. When 
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looking at uadv[m] as a function of WTamp[m], OCG geometry modification led to a 

“left-shit” of the sigmoid curve (Fig. 3.3D). 

Modification of OCG geometry led to lower up
AC,OCG[i], WTamp[i], WAC,OCG[i] 

and higher uadv[i], Wadv[i] at the middle part of insertion (tap #5, #6). The other 

mechanical variables were generally similar, except for few exceptions (Fig. 3.4A-C, 

Table 3). 

Surface chondrocyte death and cartilage tissue cracks were less in modified 

OCG (Fig. 3.3C, Fig. 3.4D-F). The mean value of VAC,OCG was 76% compared to that 

of 57% of non-modified OCG. 

OCG geometry modification resulted in less OCG advancement energy in the 

middle part of insertion. Modified OCG had lower Wadv at defined insertion depth of 

1.00 to 4.00 mm, compared to standard OCG (Fig. 3.5). 

Lcrack was strongly correlated with Winsert
AC,OCG (R2=0.93, p<0.0001, Fig. 3.6). 

The mean value of Lcrack of tight fit group was 11.58 mm, around 100 times higher 

than that of 0.11 mm of the loose fit group, and almost six times higher than that of 

2.04 mm with OCG geometry modification. 

Qualitatively, µCT showed that the tight fit sample presented the most 

apparent subchondral bone compaction at the graft-host interface. Certain thin space 

was visible at the graft-host interface of the loose fit sample. Such space was less for 

the moderate fit sample, and least for the tight fit sample. The modified OCG sample 

exhibited a clearly visible space without subchondral bone contact at the offset middle 

part of the graft, and pattern similar to the standard OCG at top and bottom of the graft 

(Fig. 3.7). 
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3.5 Discussion 

 The present study showed that graft-host interference fit was crucial to OCG 

insertion biomechanics and the resultant damage to articular cartilage. Tighter fit 

required more taps and more insertion energy to complete the insertion process and 

resulted in more cell death. With the same graft-host fit, modification of the 

subchondral bone geometry altered the biomechanics of insertion and subsequently 

lessened the damage to the cartilage. These results provided important considerations 

for surgical instrument design, as increasing graft-host fit may increase graft stability 

at the price of its potentially deleterious effect on graft cartilage health. 

  The interpretation of the present study requires some remarks on certain 

experimental and translational issues. First, adult bovine osteochondral tissue is not 

identical to that of human in terms of cartilage thickness and material properties. The 

compressive modulus of adult bovine subchondral bone can be as high as 10 GPa [21] 

and that of the articular cartilage ranges from 0.3 to 49 MPa depending on the loading 

condition [22, 23]. The compressive modulus for human subchondral bone and 

articular cartilage is around 1.15 GPa [24] and 3.1 to 13.0 MPa [25], respectively. In 

addition, the cartilage height in adult human joints is approximately 2.2 to 2.5 mm [26, 

27], compared to the average value of hAC,OCG of 1.50 mm in the present study. 

Therefore, the biomechanics of insertion can be different when using human tissue, 

resulting in different mechanobiological consequences to the articular cartilage.  

Secondly, the size of OCG and ΔR were on the smaller end of those in clinical 

practice in order to generate reasonable numbers of samples for statistical purposes. 
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The diameter of autologous OCG commonly utilized in surgery can be as large as up 

to 10.0 mm for  [1, 28], or even higher for allogenous OCG, and the ΔR ranges from 

0.1 to 1.0 mm. In the present study, the diameter of OCGs was 4.8 mm, and the largest 

ΔR was 0.1 mm. The present study utilized bovine tissue to validate the experimental 

methodologies to approach the scientific problems of OCG insertion. 

 In addition, at completion of insertion, a gap was left between the base of OCG 

and the bottom of the OCR to facilitate biomechanical analysis. Such gap is not 

commonly seen in clinical practice. The experimental design of the present study 

focused on the process of graft advancement inside the recipient site. In certain 

scenarios, impact load is applied when the base of the OCG is in contact with the 

bottom of the OCR to “bottom out” the graft. This issue was not addressed in the 

present study. Such situation was shown to be associated with higher insertion load 

and more cell death [8]. 

 The higher insertion energy for tight fit samples may be explained by the graft-

host interface reactions. During each tap, the applied impact energy was partitioned to 

two major components: the AC of OCG, and the OCG-OCR subchondral bone system. 

Using the simplified model of two materials connected in serial, law of mechanics 

indicated that more energy is partitioned into the component with lower equivalent 

modulus. As the OCG advances further into the OCR, the subchondral bones of both 

can undergo elastic and plastic deformations, as well as microfracture at the contact 

surface. The magnitude of the above can increase with increasing graft-host 

interference fit, thus resulting in a higher equivalent modulus. Therefore, with the 

same WPE[i], higher ΔR led to higher WAC,OCG[i] and less uadv[i]. Consequently, the 
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tight fit group required more N with higher Winsert
AC,OCG to complete the insertion, and 

resulted in more damage to the articular cartilage. 

 The modification of OCG geometry can decrease the equivalent modulus of 

the graft-bone subchondral bone system by reducing the graft-host interface contact 

area. This was shown by the lower Wadv in the modified OCG group when the offset 

part of the OCG subchondral bone advanced into the OCR (uadv[m]=1.00 to 4.00 mm). 

Clinically, the offset space can lead to potentially higher risk of fluid accumulation 

and subsequent subchondral cyst formation in vivo. From the perspective of bone 

fracture fixation, osseous healing can occur with such space even with certain 

magnitude of graft-host relative motion [29]. With the same ΔR, the idea of OCG 

geometry modification may shed light on surgical methods of reducing cartilage 

damage while maintaining mechanical stability and biological integration propensity. 

 The effect of ΔR and OCG geometry modification on graft stability after 

insertion is yet to be elucidated. Graft stability may be associated with graft length and 

diameter, as well as repeated insertion, by quantifying the pull out load using ex vivo 

porcine model [30]. However, such association should be interpreted with the fact in 

mind that in vivo, the OCG sustains repetitive compressive and shear load after 

surgery. The results of the present study exhibited that tighter ΔR may provide better 

resistance of graft movement under compressive impact load. Looser ΔR may be prone 

to excessive lateral motion because of more space at graft-host junction. The optimal 

graft-host interference fit can thus rely upon the delicate balance between preserving 

graft cartilage health and adequate post-insertional graft stability.  
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 In Conclusion, the present study provided new information about the effect of 

graft-host interference fit on OCG insertion biomechanics and its mechanobiological 

consequences. Modification of OCG geometry can be an alternative to lessen impact 

damage to the graft. These findings provided a foundation for additional investigation 

of related translational problems in the future. 
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Figure 3.1  Schematic of geometries of OCG and OCR. (A) standard OCG, (B) 
modified OCG, and (C) OCR. Indicated is graft-host interference fit (ΔR). 
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Figure 3.2  Schematic of impact insertion of OCG and mechanical variables and 
parameters. (A) Advancement of OCG into OCR, starting with flush position (A1), 
advancing with successive taps (A2-5), to final flush position (A5). Tap #, i, out of N 
total taps. Tamp advancement with tap i, up

Tamp[i]. OCG (bone base) advancement with 
tap i, uadv[i], and overall advancement at full insertion, uadv

insert. (B) OCG at five 
successive insertion positions, at insertion depths of 1-5 mm (B2-B6), at which 
parameters were estimated. 
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Figure 3.3  Effects of interference fit (ΔR) and OCG geometry modification on 
insertion mechanics. (A) Total number of taps (N). (B) Total energy delivered to AC 
of OCG (Winsert

AC,OCG). (C) Viability of surface chondrocytes (VAC,OCG). (D) Cumulative 
OCG advancement (uadv[m]) as a function of cumulative insertion energy (WTamp[m]), 
after each tap, i, as labeled. 
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Figure 3.4  Typical effects of interference fit (ΔR) and OCG geometry 
modification on impact mechanics and cartilage damage. (i-iv) Study Groups are 
standard OCG geometry with OCR that generate (i) loose, (ii) moderate, and (iii) tight 
interference fits, and (iv) modified OCG geometry into OCR with tight fit. (A-C) 
Mechanics of OCG insertion. For 4th tap, time courses of measured (A) tamp contact 
force, (B) tamp displacement and (C) parametric plot of tamp contact force and 
displacement, illustrating energy-associated loop. In (B) are indicated peak tamp 
advancement increment, divided amongst OCG advancement, uadv[4], and deduced 
cartilage compaction, up

AC,OCG[4]. In (C) are indicated delivered energy values. (D-F) 
En face microscopic analysis of effects on cartilage. (D) Reflected light view of 
articular surface after India Ink staining, showing cartilage damage and cracks. 
Fluorescence view of articular surface after Live-Dead fluorescence staining, with (E) 
live cell indicator in green, and (F) dead cell indicator in red. 
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Figure 3.5  Effect of OCG geometry modification on energy for OCG 
advancement to defined depths. Data of cumulative energy after individual taps was 
interpolated to estimate values at the indicated positions of 0-5 mm insertion depth. 
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Figure 3.6  Correlation analysis of total crack length on graft cartilage surface  
(Lcrack) with total energy delivered to AC of OCG (Winsert

AC,OCG). Data for all samples, 
with Loose, Moderate, and Tight interference fits of standard samples, and also Tight 
interference fit of modified samples are indicated with colored symbols. 
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Figure 3.7  Qualitative μCT assessment of subchondral bone compaction at graft-
host interface after OCG insertion. (A-L) μCT image slices were selected from (A-
D) Upper, (E-H) Middle and (I-L) Lower portion of the graft-host subchondral bone 
interface, in (i-ii) Axial and (iii-iv) Sagittal orientations. Study Groups are standard 
OCG geometry with OCR that generate (A, E, I) Loose, (B, F, J) Moderate, and (C, 
G, K) Tight interference fits, and (D, H, L) Modified OCG geometry into OCR with 
tight fit. Yellow light box in (i) and (iii) indicates the zoom-in area of interest in (ii) 
and (iv), respectively.  
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parameter definition unit 

AOCG articular cartilage surface area of OCG mm2 
hAC,OCG thickness of AC of OCG prior to impact mm 

 

variable definition unit 
aOCR radius of OCR mm 
F(t) contact force applied on the tamp N 
Fp[i] peak force applied on the tamp during tap #i N 
Ic[i] impact impulse of the impact event of tap #i N�ms 

i sequential tap # number to impact insert OCG 
into OCR, i=1,2,…,N tap # 

Lcrack 
total crack lengths on articular cartilage 
surface of OCG mm 

T[i] impact time duration during tap #i ms 
t relative timeframe for impact event ms 
uadv[i] OCG advancement distance during tap #i mm 

uadv[m] cumulative OCG advancement distance after 
tap #m mm 

uTamp(t) axial displacement of the tamp mm 

up
AC,OCG[i] peak axial compressive displacement of AC of 

OCG during tap #i mm 

up
Tamp[i] peak axial displacement of the tamp during tap 

#i mm 

VAC,OCG surface chondrocyte viability of AC of OCG 
after insertion % 

Wadv OCG advancement energy mJ 
Wadv[i] OCG advancement energy during tap #i mJ 
WAC,OCG[i] energy delivered to AC of OCG during tap #i mJ 

Winsert
AC,OCG total energy delivered to AC of OCG at 

completion of insertion mJ 

WTamp[i] insertion energy delivered by the tamp to the 
sample during tap #i mJ 

WTamp[m] cumulative insertion energy delivered by the 
tamp to the sample till tap #m mJ 

WPE[i] applied energy for tap #i mJ 
εp[i] peak axial strain of AC of OCG during tap #i mm/mm 
σp[i] peak contact stress during tap #i MPa 

Table 3.1  Biomechanical parameters and variables. 
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ΔR 

(mm) n tap 
#i 

WPE[i] 
(mJ) 

Fp[i] 
(N) 

σp[i] 
(MPa) 

Ic[i] 
(N�  
ms) 

T[i] 
(ms) 

up
Tamp[i] 

(mm) 
uadv[i] 
(mm) 

up
AC,OCG[i] 

(mm) 
εp[i] 

 
WTamp[i] 

(mJ) 
WAC,OCG[i] 

(mJ) 
Wadv[i] 
(mJ) 

0.00 7 1 16 22 
±4 

1.1 
±0.4 

174 
±19 

10.8 
±3.7 

1.01 
±0.32 

0.78 
±0.44 

0.23 
±0.14 

0.14 
±0.08 

15.2 
±2.6 

3.9 
±2.5 

11.4 
±4.0 

0.05 6 1 16 29 
±5 

1.6 
±0.3 

142 
±36 

6.2 
±2.0 

0.78 
±0.47 

0.47 
±0.36 

0.31 
±0.17 

0.18 
±0.10 

14.1 
±4.6 

6.0 
±3.3 

8.1 
±4.0 

0.10 6 1 16 33 
±10 

1.8 
±0.5 

162 
±16 

6.5 
±1.9 

0.68 
±0.12 

0.29 
±0.23 

0.39 
±0.15 

0.21 
±0.09 

15.4 
±5.9 

9.2 
±4.3 

6.2 
±5.4 

Effect of ΔR (p-value) * * 0.10 * 0.22 0.07 0.20 0.39 0.42 * 0.05 

0.00 7 2 24 37 
±5 

2.1 
±0.3 

213 
±36 

10.6 
±7.3 

1.16 
±0.72 

0.85 
±0.79 

0.31 
±0.12 

0.18 
±0.06 

21.4 
±2.0 

7.1 
±3.4 

14.3 
±3.1 

0.05 6 2 24 44 
±11 

2.5 
±0.6 

185 
±26 

6.2 
±2.1 

0.79 
±0.44 

0.37 
±0.32 

0.43 
±0.18 

0.25 
±0.11 

21.3 
±6.5 

11.6 
±3.2 

9.7 
±6.8 

0.10 6 2 24 56 
±10 

3.1 
±0.6 

202 
±19 

4.8 
±1.3 

0.63 
±0.09 

0.14 
±0.09 

0.49 
±0.09 

0.26 
±0.06 

23.7 
±2.7 

18.7 
±4.7 

5.1 
±2.7 

Effect of ΔR (p-value) ** ** 0.24 0.09 0.18 0.07 0.08 0.17 0.74 ** ** 

0.00 7 3 36 51 
±10 

2.8 
±0.5 

232 
±34 

8.0 
±1.7 

1.07 
±0.13 

0.73 
±0.13 

0.35 
±0.07 

0.21 
±0.03 

30.5 
±4.7 

9.9 
±2.5 

20.6 
±3.9 

0.05 6 3 36 61 
±16 

3.4 
±0.9 

220 
±21 

5.3 
±0.8 

0.79 
±0.16 

0.41 
±0.14 

0.38 
±0.12 

0.22 
±0.07 

29.7 
±2.7 

14.3 
±4.0 

15.5 
±4.5 

0.10 6 3 36 79 
±15 

4.4 
±0.9 

244 
±38 

3.8 
±0.9 

0.66 
±0.11 

0.17 
±0.10 

0.48 
±0.12 

0.26 
±0.08 

35.4 
±8.6 

26.6 
±10.4 

8.7 
±5.2 

Effect of ΔR (p-value) ** ** 0.45 *** *** *** 0.10 0.35 0.15 ** *** 

0.00 6 4 54 69 
±25 

3.8 
±1.4 

251 
±45 

6.1 
±2.0 

1.30 
±0.35 

0.89 
±0.34 

0.42 
±0.23 

0.24 
±0.11 

35.4 
±17.5 

10.3 
±7.8 

25.0 
±13.9 

0.05 6 4 54 77 
±16 

4.3 
±0.9 

246 
±18 

4.6 
±1.1 

0.85 
±0.18 

0.43 
±0.17 

0.42 
±0.09 

0.24 
±0.06 

41.8 
±2.3 

20.8 
±4.0 

21.0 
±5.6 

0.10 6 4 54 95 
±17 

5.2 
±0.9 

267 
±51 

3.4 
±0.8 

0.68 
±0.11 

0.17 
±0.09 

0.51 
±0.12 

0.27 
±0.06 

43.9 
±8.0 

33.5 
±10.3 

10.4 
±5.6 

Effect of ΔR (p-value) 0.10 0.10 0.65 * ** ** 0.54 0.76 0.53 *** *** 

0.00 4 5 81 92 
±39 

5.1 
±2.2 

326 
±23 

5.6 
±2.6 

1.18 
±0.38 

0.58 
±0.45 

0.60 
±0.29 

0.37 
±0.20 

65.4 
±11.2 

36.3 
±18.9 

29.1 
±11.9 

0.05 6 5 81 100 
±21 

5.5 
±1.1 

292 
±46 

4.2 
±1.6 

0.93 
±0.26 

0.49 
±0.30 

0.44 
±0.10 

0.25 
±0.06 

60.5 
±11.0 

29.7 
±10.2 

30.8 
±13.6 

0.10 6 5 81 122 
±21 

6.7 
±1.1 

333 
±42 

3.3 
±0.4 

0.83 
±0.09 

0.19 
±0.06 

0.64 
±0.11 

0.34 
±0.07 

74.7 
±11.8 

57.5 
±13.5 

17.1 
±4.9 

Effect of ΔR (p-value) 0.20 0.20 0.22 0.21 0.13 0.11 0.14 0.23 0.19 * 0.13 

0.05 6 6 122 130 
±28 

7.2 
±1.5 

354 
±25 

4.3 
±1.2 

1.14 
±0.18 

0.63 
±0.22 

0.51 
±0.12 

0.29 
±0.07 

89.4 
±11.2 

41.7 
±17.5 

47.7 
±10.0 

0.10 6 6 122 147 
±24 

8.1 
±1.3 

401 
±42 

3.4 
±0.8 

0.98 
±0.09 

0.40 
±0.22 

0.58 
±0.22 

0.31 
±0.11 

106.2 
±12.8 

65.0 
±30.7 

41.2 
±19.7 

Effect of ΔR (p-value) 0.29 0.29 * 0.29 0.08 0.10 0.51 0.72 * 0.14 * 

0.05 5 7 183 175 
±12 

9.7 
±0.6 

478 
±32 

4.6 
±1.6 

1.39 
±0.26 

0.92 
±0.32 

0.47 
±0.23 

0.27 
±0.14 

138.4 
±21.2 

50.1 
±29.6 

88.3 
±11.5 

0.10 6 7 183 175 
±31 

9.7 
±1.7 

450 
±40 

3.5 
±1.2 

1.16 
±0.21 

0.53 
±0.31 

0.64 
±0.21 

0.34 
±0.12 

136.4 
±21.1 

80.1 
±42.5 

56.2 
±23.4 

Effect of ΔR (p-value) 1.00 1.00 0.24 0.34 0.14 0.07 0.23 0.61 0.79 0.26 0.36 

0.05 2 8 274 282 
±28 

15.6 
±1.5 

609 
±16 

2.8 
±0.7 

1.35 
±0.12 

0.48 
±0.22 

0.87 
±0.10 

0.54 
±0.04 

272.9 
±42.4 

179.7 
±63.6 

93.2 
±21.2 

0.10 6 8 274 220 
±40 

12.2 
±2.2 

573 
±68 

3.7 
±1.2 

1.53 
±0.35 

0.62 
±0.34 

0.91 
±0.29 

0.48 
±0.15 

226.0 
±36.5 

142.4 
±62.8 

83.6 
±32.5 

Effect of ΔR (p-value) 0.09 0.09 0.51 0.37 0.52 0.61 0.86 0.61 0.17 0.08 0.26 

0.10 4 9 411 327 
±35 

18.1 
±1.9 

695 
±61 

3.0 
±1.0 

1.51 
±0.27 

0.70 
±0.31 

0.81 
±0.31 

0.45 
±0.23 

349.7 
±44.5 

190.9 
±94.5 

158.8 
±65.8 

0.10 3 10 617 377 
±70 

20.8 
±3.9 

871 
±56 

2.7 
±0.9 

1.80 
±0.58 

0.74 
±0.64 

1.05 
±0.16 

0.61 
±0.20 

498.8 
±29.8 

317.1 
±129.4 

181.8 
±106.1 

0.10 2 11 925 434 
±110 

24.0 
±6.1 

1002 
±90 

2.9 
±1.0 

2.08 
±0.68 

1.22 
±0.83 

0.86 
±0.15 

0.56 
±0.11 

642.0 
±145.1 

304.0 
±205.8 

337.9 
±60.7 

0.10 1 12 1387 843 46.6 1508 1.9 1.82 1.00 0.82 0.53 1427.9 642.4 785.5 

Table 3.2  Effect of graft-host fit on biomechanics and biological outcomes among 
groups of: Loose (ΔR = 0.10mm),  Moderate (ΔR = 0.05mm) and Tight (ΔR = 
0.10mm). Statistical results are indicated as *** p<0.001, ** p<0.01, * p<0.05, with 
non-significant results presented with p value. 
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WPE[i] 
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Fp[i] 
(N) 

σp[i] 
(MPa) 
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(N�ms) 
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(ms) 

up
Tamp[i] 

(mm) 
uadv[i] 
(mm) 

up
AC,OCG[i] 

(mm) 
εp[i] 

 
WTamp[i] 

(mJ) 
WAC,OCG[i] 

(mJ) 
Wadv[i] 
(mJ) 

0.10 − 6 1 16 33 
±10 

1.8 
±0.5 

162 
±16 

6.5 
±1.9 

0.68 
±0.12 

0.29 
±0.23 

0.39 
±0.15 

0.21 
±0.09 

15.4 
±5.9 

9.2 
±4.3 

6.2 
±5.4 

0.10 + 7 1 16 36 
±5 

2.0 
±0.3 

173 
±10 

6.3 
±1.7 

0.55 
±0.12 

0.24 
±0.12 

0.31 
±0.15 

0.21 
±0.09 

14.5 
±2.6 

8.2 
±3.9 

6.3 
±3.3 

Effect of Mod. (p-value) 0.50 0.50 0.16 0.84 0.08 0.62 0.36 1.00 0.42 1.00 0.15 

0.10 − 6 2 24 56 
±10 

3.1 
±0.6 

202 
±19 

4.8 
±1.3 

0.63 
±0.09 

0.14 
±0.09 

0.49 
±0.09 

0.26 
±0.06 

23.7 
±2.7 

18.7 
±4.7 

5.1 
±2.7 

0.10 + 7 2 24 55 
±12 

3.0 
±0.7 

195 
±38 

4.0 
±4.0 

0.60 
±0.20 

0.29 
±0.12 

0.32 
±0.16 

0.21 
±0.08 

22.8 
±3.6 

12.2 
±4.2 

10.6 
±2.6 

Effect of Mod. (p-value) 0.87 0.87 0.69 0.65 0.74 * * 0.24 1.00 0.05 0.81 

0.10 − 6 3 36 79 
±15 

4.4 
±0.9 

244 
±38 

3.8 
±0.9 

0.66 
±0.11 

0.17 
±0.10 

0.48 
±0.12 

0.26 
±0.08 

35.4 
±8.6 

26.6 
±10.4 

8.7 
±5.2 

0.10 + 7 3 36 72 
±20 

4.0 
±1.1 

259 
±22 

5.9 
±3.3 

0.91 
±0.61 

0.47 
±0.67 

0.44 
±0.23 

0.29 
±0.13 

36.3 
±2.8 

21.1 
±12.8 

14.3 
±11.8 

Effect of Mod. (p-value) 0.50 0.50 0.39 0.16 0.35 0.30 0.71 0.63 1.00 0.43 0.22 

0.10 − 6 4 54 95 
±17 

5.2 
±0.9 

267 
±51 

3.4 
±0.8 

0.68 
±0.11 

0.17 
±0.09 

0.51 
±0.12 

0.27 
±0.06 

43.9 
±8.0 

33.5 
±10.3 

10.4 
±5.6 

0.10 + 7 4 54 85 
±19 

4.7 
±1.0 

266 
±51 

4.4 
±1.5 

0.72 
±0.15 

0.34 
±0.15 

0.38 
±0.23 

0.25 
±0.13 

40.5 
±5.5 

21.0 
±11.1 

19.5 
±8.0 

Effect of Mod. (p-value) 0.34 0.34 0.97 0.17 0.60 0.26 0.24 0.74 0.33 * 0.20 

0.10 − 6 5 81 122 
±21 

6.7 
±1.1 

333 
±42 

3.3 
±0.4 

0.83 
±0.09 

0.19 
±0.06 

0.64 
±0.11 

0.34 
±0.07 

74.7 
±11.8 

57.5 
±13.5 

17.1 
±4.9 

0.10 + 7 5 81 103 
±14 

5.7 
±0.8 

312 
±62 

4.6 
±1.2 

0.96 
±0.22 

0.51 
±0.31 

0.45 
±0.15 

0.31 
±0.10 

60.4 
±9.1 

31.1 
±19.2 

29.3 
±16.2 

Effect of Mod. (p-value) 0.08 0.08 0.50 0.08 0.21 * * 0.55 * * * 

0.10 − 6 6 122 147 
±24 

8.1 
±1.3 

401 
±42 

3.4 
±0.8 

0.98 
±0.09 

0.40 
±0.22 

0.58 
±0.22 

0.31 
±0.11 

106.2 
±12.8 

65.0 
±30.7 

41.2 
±19.7 

0.10 + 6 6 122 120 
±21 

6.6 
±1.2 

377 
±41 

5.0 
±1.2 

1.34 
±0.33 

1.00 
±0.32 

0.34 
±0.13 

0.22 
±0.07 

84.6 
±12.5 

22.0 
±8.4 

62.6 
±11.8 

Effect of Mod. (p-value) 0.06 0.06 0.34 0.06 * ** * 0.12 * ** ** 

0.10 − 6 7 183 175 
±31 

9.7 
±1.7 

450 
±40 

3.5 
±1.2 

1.16 
±0.21 

0.53 
±0.31 

0.64 
±0.21 

0.34 
±0.12 

136.4 
±21.1 

80.1 
±42.5 

56.2 
±23.4 

0.10 + 6 7 183 154 
±28 

8.5 
±1.6 

465 
±49 

4.4 
±1.3 

1.27 
±0.26 

0.82 
±0.20 

0.45 
±0.11 

0.29 
±0.06 

122.1 
±7.7 

43.2 
±8.8 

78.9 
±9.5 

Effect of Mod. (p-value) 0.25 0.25 0.57 0.24 0.44 0.08 0.08 0.38 0.21 0.09 0.17 

0.10 − 6 8 274 220 
±40 

12.2 
±2.2 

573 
±68 

3.7 
±1.2 

1.53 
±0.35 

0.62 
±0.34 

0.91 
±0.29 

0.48 
±0.15 

226.0 
±36.5 

142.4 
±62.8 

83.6 
±32.5 

0.10 + 3 8 274 219 
±63 

12.1 
±3.5 

575 
±117 

3.6 
±1.4 

1.42 
±0.28 

0.85 
±0.31 

0.57 
±0.47 

0.36 
±0.26 

180.0 
±22.3 

72.2 
±60.5 

107.9 
±38.2 

Effect of Mod. (p-value) 0.98 0.98 0.97 0.91 0.65 0.36 0.21 0.40 0.09 0.15 0.42 

0.10 − 4 9 411 327 
±35 

18.1 
±1.9 

695 
±61 

3.0 
±1.0 

1.51 
±0.27 

0.70 
±0.31 

0.81 
±0.31 

0.45 
±0.23 

349.7 
±44.5 

190.9 
±94.5 

158.8 
±65.8 

0.10 + 2 9 411 215 
±42 

11.9 
±2.3 

666 
±125 

3.8 
±0.0 

1.71 
±0.38 

0.80 
±0.75 

0.92 
±0.36 

0.58 
±0.16 

269.1 
±13.2 

152.1 
±84.0 

117.0 
±97.2 

Effect of Mod. (p-value) * * 0.70 n/a 0.49 0.81 0.71 0.52 0.08 0.64 0.12 

0.10 − 3 10 617 377 
±70 

20.8 
±3.9 

871 
±56 

2.7 
±0.9 

1.80 
±0.58 

0.74 
±0.64 

1.05 
±0.16 

0.61 
±0.20 

498.8 
±29.8 

317.1 
±129.4 

181.8 
±106.1 

0.10 + 1 10 617 301 16.6 801 3.6 1.93 0.91 1.02 0.60 431.4 228.3 203.1 
Effect of Mod. (p-value) n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 

0.10 − 2 11 925 434 
±110 

24.0 
±6.1 

1002 
±90 

2.9 
±1.0 

2.08 
±0.68 

1.22 
±0.83 

0.86 
±0.15 0.60 642.0 

±145.1 
304.0 

±205.8 
337.9 
±60.7 

0.10 − 1 12 1387 843 46.6 1508 1.9 1.82 1.00 0.82 0.53 1427.9 642.4 785.5 

 

Table 3.3  Effect of OCG geometry modification on biomechanics and biological 
outcomes. Mod.: OCG geometry modification. Statistical results are indicated as *** 
p<0.001, ** p<0.01, * p<0.05, with non-significant results presented with p value. 
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CHAPTER 4 

CONCLUSIONS 

4.1 Summary of Findings 

This dissertation developed an innovative approach to study OCG impact 

insertion and achieved the goals of: (a) extending the understanding of OCG insertion 

biomechanics and its mechanobiological consequences, (b) developing potential 

strategies to decrease impact injury to graft cartilage during OCG insertion surgery. In 

Summary, the novel methodologies taken in this dissertation are: 

 

(A)  Development of an impact delivery system using a drop tower apparatus, with 

force and displacement measurements during impact to quantify biomechanical 

variables (Chapter 2). 

(B)  Development of an ex vivo large animal (adult bovine) model to study OCG 

insertion biomechanics and the effect of graft-host interference fit as well as 

OCG geometry modification (Chapter 3). 

(C)  Use of a cushioning material to alter impact energy partitioning, as an 

analogous model to study traumatic injury to articular cartilage (Chapter 2). 

 

The major findings corresponding to the scientific objectives were: 
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1. Delivered energy is a critical biomechanical determinant of damage to articular 

cartilage during OCS impact and OCG insertion. 

2. Tighter graft-host interference fit leads to higher insertion energy and more 

resultant surface chondrocyte death as well as matrix damage to the graft cartilage. 

3. Modification of OCG subchondral bone geometry results in less insertion energy 

with less chondrocyte death and matrix damage. 

4. Inclusion of a cushioning material during impact lessens impact energy delivered 

to OCS and the resultant damage to cartilage. 
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4.2 Discussion and Future Directions 

This dissertation was motivated by the attempt to solve biomechanical 

problems of OCG insertion repair. The results in this work contribute novel and 

important information for future improvement of the surgical procedure and 

instrument design. A broader application of the impact delivery system includes ex 

vivo models to study traumatic injury to the joint, and its potential translation into the 

mechanobiology of post-traumatic osteoarthritis in vivo. 

Certain limitations of the work should be considered. First, the geometry of 

OCG was smaller than that used clinically in order to generate reasonable numbers of 

samples for statistical purposes. The depth of OCR was almost twice as long as the 

allogenic OCG, although similar to that of autogenic OCG in current surgical practice 

[1, 2]. Second, Adult bovine osteochondral tissue is not identical to that of human in 

terms of cartilage thickness and material properties, and bone structure and properties. 

Third, in the clinical scenario, the surgeon typically applies taps manually, instead of 

using a preset impact load protocol. This dissertation utilized bovine tissue to validate 

the experimental methodologies to approach the scientific problems of OCG insertion.  

The current work can be expanded in a number of ways toward future clinical 

translation. Human osteochondral tissues could be analyzed, with the size and 

geometry of the OCG and OCR being analogous to those in actual autogenic or 

allogenic surgery. The insertion process could be done by independent surgeons to 

better determine the effect of graft-host fit and OCG geometry modification in real 

surgery. 

“Bottoming out” of OCG can happen because current surgical procedure does 

not intend to leave gaps underneath the OCG after insertion. In this situation, ex vivo 
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instrument-controlled studies can facilitate characterization of the biomechanics and 

consequent effect on graft cartilage health at the end of the insertion process, although 

these can be partially inferred from results of impacting isolated OCS without 

insertion. 

The concept of altering impact insertion biomechanics gave rise to the idea of 

OCG geometry modification to reduce damage to graft cartilage while maintaining 

mechanical stability and biological integration propensity. The same concept can be 

further extended for alternative designs to decrease insertion energy, such as 

modifying the socket wall of OCR, or altering the OCG subchondral bone in shape, 

depth and length. Modifications that lead to empty space at the graft-host interface 

may be deleterious to graft-host-healing, due to less subchondral bone contact area as 

well as potentially higher risk of fluid accumulation and subsequent bone cyst 

formation. 

The effect of graft-host interference fit on graft stability after insertion has not 

been reported in the literature. This issue can be addressed acutely by assessing graft 

failure after applying repetitive axial and shearing loads on flush-inserted grafts with 

different tightness of fit, and with subchondral bone geometry modification. Related to 

this, the base of the OCG can affect “bottoming out” and be another variable affecting 

graft stability. 

Quantitative analysis of μCT images can facilitate the experimental 

understanding of the mechanics behind the effects of graft-host interference fit. In 

addition to qualitative observation, quantifying the extent of subchondral bone 

impaction, including features such as deformation and trabecular fracture, may 

provide valuable information to further solve insertion energy problems. 
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The impact delivery system can be expanded to setup an ex vivo model to 

study orthopaedic trauma to synovial joints. The cushioning material serves as an 

additional component in the system to partition the impact energy, analogous to the 

counteraction or interposition of soft tissues in sports injury or accidental trauma. Such 

a system could be modified to deliver impact energy to osteochondral tissues of larger 

size, with multiple options of the cushion to mimic various scenarios of energy 

distribution. 

In conclusion, OCG insertion repair surgery involves OCG and OCR 

preparation, OCG insertion process and graft stability after insertion. Each of the steps 

can play an important role in the long-term outcome of the patient. Taken together, 

this dissertation focused on the OCG insertion process and provided a foundation for 

additional investigation of this situation and related problems in the future. 
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