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ABSTRACT 

 

BIAXIAL MECHANICAL CHARACTERIZATION 

OF PORCINE PERIOSTEUM 

 

 

PHILLIP DANIEL WARREN, M.S. 

 

The University of Texas at Arlington, 2008 

 

Supervising Professor:  Paul B. Wells  

Periosteum is multipotent tissue responsible for cortical bone deposition and is 

important in fracture repair.  Research indicates the periosteum is mediated by similar 

mechanical signals to those that mediate bone growth and remodeling.  Therefore, 

biaxial mechanical characterization of periosteum can be very informative, indeed.  

This paper presents the results of the first such examination.  The porcine periosteum 

herein has at least three distinct layers – a cellular layer, an elastin-rich layer, and a 

collagen-rich layer – the latter two providing structural integrity.  Not surprisingly then, 

the general biaxial mechanical characteristics of periosteum resemble those of other 

collagen and/or elastin-rich membranes.  That is, periosteum is non-linear, anisotropic, 

and transitions from an easily-extensible state to near-inextensibility over a narrow 
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range of stretch, with the circumferential direction being the least extensible relative to 

the traction-free configuration.  Tissues are qualitatively similar across all pigs and 

anatomical sites tested herein, suggesting one may somewhat indiscriminately pool 

periosteal samples from multiple pigs and multiple locations, within the limits tested 

herein, for a common parametric analysis.  Tissue shrinkage was significantly more 

pronounced in the axial direction when removed from the bone, corresponding well to 

the dense population of elastin fibers oriented in that direction.  Finally, a seven-

parameter pseudo-strain energy function was investigated to model our data and found 

to fit well, but exhibited poor predictive capacity.   
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CHAPTER 1 

INTRODUCTION 

1.1 Ilizarov Device 

The use of the Ilizarov device and callotasis for treating limb length 

discrepancies, improper bone union, and obstructive bone curvature is documented well 

[Herring, 2002; Orwoll, 2003; Skerry, 2006].  Complications, reported by Tachjidans, 

range from 14% [De Bastiani, 1987] to 134%, indicating more than one complication 

[Noonan, 1998], including infection, tissue mechanical damage (e.g. scarring), 

premature or delayed consolidation, and poor quality regenerate.  The potential sequelae 

can be devastating both physically and emotionally, and therefore research to improve 

such procedures remains paramount.  Specifically, we must improve our understanding 

of the mechanobiological processes that govern bone modeling and remodeling, 

particularly in response to therapeutically-applied mechanical loads. 

1.1.1 Ilizarov Procedure 

The Ilizarov method for limb-lengthening is grossly unchanged since its 

inception in the 1950’s.  The general method consists of an osteotomy, placement of a 

fixator, a latency period of five to seven days during which a fracture callus forms, 

periodic distraction (lengthening), a consolidation period during which the new bone 

ossifies, and removal of the fixator.  In a typical lengthening protocol a patient’s device 
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is distracted 1 mm per day in conjunction with cyclic micromotion as the patient 

ambulates [Paley et al., 1992].  Compressive loads are transmitted through the fixator, 

while applied tensile loads are shared by various tissues (skin, nerves, vasculature, 

fracture callus, etc).  There are few customizations of the procedure, despite the 

likelihood of multiparametric variations from patient to patient that could result in 

dramatically different stresses and/or stretches within the affected tissues, thereby 

eliciting different mechanobiological responses.  

1.2 Periosteum 

Though all of the affected tissues likely contain mechanosensitive elements, the 

periosteum is of particular interest in limb-lengthening due to its population of 

osteoprogenitor cells and established role in fracture repair [Sakata et al. 2006; Ringe et 

al., 2002; Sencimen et al., 2007].  Details of periosteal anatomy and biology have been 

described well [Squier et al., 1990; Parfitt, 1994; Carter et al., 1998; Seeman, 2003; 

Allen et al., 2004; Seeman, 2007].  Correspondingly, the complexity of this multipotent 

tissue has been illuminated through the close examination of the chondrogenic and 

osteogenic potential.  More specifically, experiments were carried out with a focus at 

the cellular level [Brighton et al., 1992; Price et al., 1994; Hoshi et al., 1999], the 

genetic level [Hughes et al., 1995; Horiuchi et al., 1999; Rios et al., 2005; Kuroda et al., 

2005; Hankenson et al., 2006], and the molecular level [Robins, 1994; Chenu et al., 

1994; Volpin et al., 1986; Radomsky et al., 1998; Einhorn, 1998; Lieberman et al., 

2002; Termaat et al., 2005; Malizos et al., 2005].  Furthermore, studies were conducted 

spotlighting controlled medias [Harris et al., 1994; Solchaga et al., 1998], sex hormones 
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[Vanderschueren et al., 2006], gender [Balena et al., 1992], age [Epker et al., 1966; 

O’Driscoll et al., 2001; Meyer et al., 2007], mortality [O’Driscoll et al., 1999], and 

simulations [Matziolis et al., 2006].  Applications of this data can be seen in tissue 

engineering experiments demonstrated in collagen matrices [Ignatius et al., 2005], 

PLGA scaffolds [Zheng et al., 2006], and transplants [Tsubota et al., 1999; Agata et al., 

2007].  

1.2.1 Periosteal Anatomy     

Briefly, the periosteum is a thin membrane that envelopes cortical bone and is 

comprised of an outer fibrous layer and an inner cellular layer (the cambium).  The 

fibrous layer is primarily type I collagen, with some elastin, and provides physical 

support for fibroblasts, vasculature, nerves, and the underlying cambium.  The cambium 

is comprised of osteoprogenitor cells, and is responsible for the regulation of 

circumferential growth through intramembraneous cortical deposition and resorption 

[Raisz, 1984].  The periosteum transitions to more specialized anatomy at certain 

locations resulting in spatial and physiological variations, leading to profound  

disparities in mechanical properties.  Key to predicting the response of periosteum to 

mechanical loads is better understanding of its mechanical behavior [Henderson et al., 

2002].     

  1.2.1.1 Periosteal Mechanical Studies 

Studies on the mechanics of bone and periosteum have been conducted under 

several types of loading criteria including brief loading [Pead et al., 1988], compression 

and distraction [Wilson-MacDonald et al., 1990], relaxation [Warrell et al., 1979; 
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Simon et al., 2003], elevation [Kesseler et al., 2007], in vivo loading [Ellender et al., 

1989], and simulations of surface loading [Carpenter et al., 2007].  Additional studies 

have focused on the gene upregulation post-mechanical stimulus [Jones et al., 1991; 

Raab-Cullen et al., 1994].  Soft tissue mechanical studies have been uniaxial in nature 

and focused primarily on failure strength [Uchiyama et al., 1998; Popowics et al., 

2002].  However, none of these loading criterias, nor uniaxial analyses, nor mechanical 

loading to failure reflects typical in vivo conditions. 

1.2.2 Focus     

We developed an experimental device and methodology that allows us to 

characterize, for the first time, the biaxial mechanics of freshly excised periosteal tissue, 

and to monitor alterations in the mechanical behavior as the periosteum is cultured 

under well-controlled dynamic and/or static mechanical constraints.  This paper focuses 

on the former.   
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CHAPTER 2 

METHODS 

2.1 The Device 

A custom-designed biaxial testing device was adapted from a similar device 

presented in [Humphrey et al., 2007].  Because results from herein will be extended to 

living tissues, care was taken to make the chamber biocompatible, autoclavable, 

environmentally sealed, oxygen-perfusable, and compact enough to fit on the stage of 

an inverted microscope.  

2.1.1 Chamber 

Except where noted, the chamber assembly is constructed from polycarbonate.  

A 7 x 7-inch cruciform chamber was constructed from solid stock.  At the center of the 

chamber, a 1 x 1-inch hole is covered with a quartz-glass cover slip, allowing inverted 

light microscopy.  Two stainless steel push rods penetrate the end of each cruciform 

arm through J-type roulon sleeve bearings (McMaster Carr), and are connected outside 

the chamber by a push plate and inside the chamber by a tissue mount assembly.  The 

assembly consists of a mount plate to which a vertical beam-type thin-film load cell 

(one per axis; Strain Measurement Devices, Inc) or polycarbonate beam is attached.  A 

suture bracket is attached to the free end of the beam.  Each bracket is pre-strung with 

continuous 6-0 silk suture looped through four holes to facilitate attachment of the 

tissue.  The top edge of the chamber is lined with a custom-cut silicone gasket, creating 
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a seal with the magnetically-attached lid. For mechanical testing, the chamber fits atop a 

custom-designed testing platform, pictured in Figure 2.1.  

 

Figure 2.1 Overhead view of assembled chamber on the platform. 

 

2.1.2 Platform 

  The platform has four orthogonally-opposed translation units, each comprised of 

a size 23 stepper motor (US Digital) linked in-line to a 3/8-inch lead screw/nut 

assembly (0.05in lead; Kerk Motion).  Attached to each nut is an aluminum plate that 

connects easily to a push plate on the chamber using a single thumb-screw.  The motors 

are interfaced via a PCI7350 computer controller (National Instruments) to a custom-

coded LabVIEW program, described below.  The controller/motor combination allows 
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for 50,000 steps per revolution, thus yielding a translation resolution of approximately 

0.03µm per step when used with the aforementioned lead screw.   

2.1.2.1 Video Capture System     

The platform sits atop an RS-1 copy table (Kaiser) to perform non-contact video 

monitoring of tissue deformation [Humphrey et al., 1987].  The video capture system is 

comprised of an AVT Guppy FireWire camera fitted with a Navitar Zoom 7000 lens 

and mounted to the elevator column of the copy table.  At maximum zoom, one may 

view a 4 x 6mm field in the central region of the tissue.  The platform and tissue are 

monitored by a video capture system. 

2.1.3 Computer Control and Error Analysis 

 Our code is capable of manual, independent control of each motor or a near-

infinite combination of automated biaxial motor movements based on either load or 

displacement feedback.  Outputs from the load cells are conditioned and amplified 

using a custom breadboard circuit, and then input to the computer via a USB-6009 

digital acquisition board [National Instruments].  Unique calibration parameters are 

used for each load cell to convert the output to mass, with a resolution of 0.03g.  Video 

is fed into LabVIEW through a direct IEEE1394 (firewire) interface.  Pixel coordinates 

of each marker’s centroid are determined at 30Hz via a search algorithm based on pixel 

intensity values [Downs et al., 1990], from which a deformation field is calculated using 

bilinear isoparametric interpolation.  Trials revealed that locations of the centroids 

varied by ± one pixel between multiple measurements on a static image, representing a 

maximum displacement error of only ± 0.017% for markers separated 1mm.  In some 
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cases, the tissue was noted to move through different focal planes as it was stretched or 

relaxed.  To evaluate whether this change in object distance created an apparent change 

in tissue deformation, we sampled data from a single tissue as the camera was adjusted 

from far-range out-of-focus, to in-focus, and then to near-range out-of-focus.  Apparent 

changes in the centroid locations were small, resulting in a 0.7% change in 

displacement calculations from one extreme of the focal range to the other.  A schema 

of this system is shown below in Figure 2.2. 

 

 

Figure 2.2 Schematic representing the experimental setup. 

2.2 Tissue Preparation 

2.2.1 Excision 

Sacrificing pigs for the sole purpose of harvesting periosteum was not easily 

justified.  Therefore, we harvested tissues from non-survival pigs used in other studies.  

Thin Film  
Load Cell 

Breadboard 

4 Stepper 
Motors Lead screw Chamber 

Controller 

Computer 

Guppy 
Camera 

Firewire 
Interface 

DAQ Unit 

0.03microm/step 

Displacement 
Data 

Load 
Data 

Conditioned 
Signal 

USB 6009 

PCI 7350 

LabVIEW 

6x4 mm 
window 

0.03 g 
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Three pieces of periosteum (~ 15mm x 15mm) were harvested within one hour of 

sacrifice and under aseptic conditions from the medial ulna diaphysis of pigs, 

bilaterally, yielding six pieces of tissue from each pig.  Tissue dimensions were 

measured with digital calipers and the longitudinal axis was demarcated before removal 

from the bone, aided by a periosteal elevator.   The location of each tissue was also 

recorded, based on proximity to the elbow, as proximal, medial, or distal (Figure 2.3).  

Tissues were stored in cold saline prior to mechanical testing or histological analysis by 

hospital staff.   

 

Figure 2.3 Tissues excised from bone and their general characteristics. 

 

2.2.2 Mounting 

A single piece of tissue was placed upon a dense, 15 x 15mm foam frame, 

cambium layer up, to facilitate the introduction of 12 hand-fabricated stainless steel 

hooks into the periphery of the tissue, 3 hooks per side (Figure 2.4).   
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Figure 2.4 SolidWorks representation of exploded and assembled tissue with hooks. 

The tissue/pad assembly was then placed into the center of the chamber, tissue side 

down, making sure the longitudinal direction of the tissue corresponded with the Y-axis 

of the chamber.  The pre-strung sutures within the chamber were looped around the 

hooks, slight tension was applied, and the hooks were slowly worked out of the foam 

frame using forceps, taking care not to remove the hooks from the tissue.  With the 

foam removed, room temperature saline was added until it contacted the tissue but did 

not cover it.  Fascia was cleared away with the tissue stretched under a 30g load per 

side.  Finally, four particles (G-850 Zeeospheres [3M]; approx. 100µm in diameter) 

were placed on the tissue approximately 1mm apart in a geometry attempting, but not 

necessitating, a square.  Additional saline was then added until the tissue became 

immersed, and the markers were noted to stay in place. 

 

 

 



 

 11 

2.3 Mechanical Tests 

2.3.1 Mathematical Preliminaries 

 Our goal of qualitatively exploring the biaxial mechanical behavior of 

periosteum is facilitated by force-displacement data.  Because there can be variations in 

the size of the region over which the forces are applied from tissue to tissue, it is more 

appropriate to compare in terms of stress-stretch or stress-strain calculations.  Stretch 

ratios in the ‘x’ and ‘y’ directions are defined as 2 2

1 11 21F FΛ = +  and 2 2

2 22 12F FΛ = + , 

respectively, where Fxx are components of the 2D deformation tensor.  While these 

calculations are used for our analyses, the simplified forms λ1 = F11 and λ2 = F22 are 

utilized in the feedback control due to the inability of our device to compensate for 

shearing.  For this same reason, care is taken to ensure stretching of the tissue along or 

near its principal directions so that the off-diagonal terms remain small, and λi ≈ Λi. 

2.3.2 Protocols   

Once mounted, the tissue was relaxed and the locations of the tracking markers 

recorded as reference configuration, βR.  The tissue was then stretched to its in vivo 

dimensions and a new configuration βIV recorded.  Next, the tissue was preconditioned 

from 2 to 80g biaxially for five cycles, and then relaxed to define a final reference 

configuration, βP.  Three types of tests were performed on each tissue - equibiaxial, 

constant stretch, and proportional.  All tests were performed for five cycles, and 

stretches were calculated relative to βP.  For the equibiaxial test, the stretch ratios in 

each direction were maintained equal (λ1 = λ2) while the tissue was cycled between a 
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lower stretch ratio limit of 1.03 and an upper load limit of 100g.  The maximum stretch 

ratio achieved was recorded as λmax.  The constant stretch tests called for maintaining 

one direction at λ = λmax, while the other direction was cycled between stretch ratios of 

1.03 and λmax.  The constant stretch test was repeated for the other direction.  Finally, 

the proportional test maintained the stretch of the less-stiff direction at twice the stretch 

of the stiffer direction (λless-stiff = 2 λstiff) while the tissue was cycled between a lower 

stretch ratio limit of 1.03 and an upper load limit of 100g.  All tests were performed for 

five cycles at a stretch rate of approximately 0.14% per second, marker histories and 

forces were monitored at 30Hz, and the fifth cycle was used for analysis. 

2.4 Data Processing 

2.4.1 Pre-Analysis 

A median filter was applied to the raw data, and the output was further reduced 

by selecting every 15
th

 point.  We assume the periosteum has negligible bending 

stiffness, experiences plane-stress, and that the stress does not vary through the 

thickness.  Therefore we employ the membrane theory of continuum mechanics, and 

use the two dimensional forms of the Cauchy membrane stress T, shown below in 

Equation 1, and left stretch tensor V, shown below in Equation 2.  P, Equation 3, 

represents the first Piola-Kirchoff stress comprised of forces, f, in the present 

configuration related to lengths in the reference configuration, L.  F represents the 2-

dimensional deformation tensor, Equation 4.  V is more clearly defined by Equation 5. 

 
1

det( )
= ⋅T F P

F
 (1) 
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 2
V = B  (2) 

 
2

1

0

0

x

y

f

L

f

L

 
 
 =
 
 
 

P  (3) 

 

1 1

1 2

2 2

1 2

x x

X X

x x

X X

∂ ∂ 
 ∂ ∂
 =
∂ ∂ 
 ∂ ∂ 

F  (4) 

 ⋅ T
B = F F  (5) 

Because the tissue is highly anisotropic (relative to βP), data was compared in terms of 

tensor magnitudes, which condense the biaxial data to single scalar quantities.  The 

magnitude of a general tensor A is 

 ( )tr ⋅ T
A = A A . (6) 

Recall that we used tissues from pigs involved with other studies.  As such, we 

could not control for parameters such as diet, age at sacrifice, daily routine, or gender.  

Furthermore, though all tissues were removed from the same humeral facet of each pig, 

removal from precisely the same anatomical coordinates is virtually impossible.  

Indeed, geometrical variations between ulna were observed even for pigs of similar size.  

For these reasons, we analyzed the mean mechanical responses across seven subgroups 

of tissues, grouped according to: pig number, left limb, right limb, proximal, medial, 

distal, and all tissues.  For calculating the means, a linear interpolation function was 

utilized to find stretch values at specific values of membrane stress incremented by 0.5 
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N/m.  For each increment of stress, the values of stretch were averaged.  The various 

means were plotted against one another, with corresponding standard deviations. 

2.4.2 Constitutive Modeling 

Data from Equibiaxial, Constant-X, and Constant-Y tests for all tissues was 

pooled to create twenty data sets to fit each with an individual model.  This process was 

done by finding the components of the Cauchy stress, which are easily calculated from 

data using the component form in Equation 7. 

 
2

ij ik kj

1

1
T = F P

det(F)k=

⋅∑  (7) 

A Levenberg-Marquardt nonlinear least squares regression was then used in MATLAB 

to fit the calculated stresses to the general constitutive relation for a hyperelastic 

membrane, Equation 8. 

 
2 2

ij ik kp

k=1 p=1 pj

1
T = F F

det(F) E

w∂
∂∑∑  (8) 

Epj are the components of the 2D Green strain tensor, shown in Equation 9, where I 

denotes an identity tensor. 

 ( )
2

pj ip ij pj

1

1
E = F F -I

2i=
∑   (9) 

Equation 10 is the chosen seven-parameter Fung-type 2D pseudo-strain energy 

function.   It incorporates both Q, Equation 11, and c for the various seven coefficients. 

 22115

2

226

2

114 )(
2

1
)1exp( EEcEcEcQcw +++−=  (10) 

 22112

2

223

2

111 )(
2

1
EEcEcEcQ ++=  (11) 
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Convergence of this model and each set of data was satisfied when the error changed by 

less than 1E-07 in a single iteration.  Each data set produced a group of 7 coefficients.
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CHAPTER 3 

RESULTS 

Efficacy of our device to perform the stretch protocols herein was easily shown 

by graphically comparing the stretch ratios for each direction through a loading-

unloading cycle (Figure 3.1).  Control was well within acceptable tolerances, and was 

repeatable for all tests.  

 

Figure 3.1 Four types of biaxial stretch protocols plotted as stretch ratio in x and 

y directions. 
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3.1 Mechanical Behavior 

Equibiaxial stretching data are appropriate for evaluating general mechanical 

characteristics and material symmetry, and for revealing potential functional forms for 

constitutive relations.  Similar to other collagenous membranes, the periosteum is 

anisotropic and transitions from an easily extensible state to a near inextensible state 

over a relatively short range of stretch (Figures 3.2 and 3.3a).  Preconditioning affects 

(not shown) and hysteresis were almost negligible, which may be attributed to the low 

rate of stretch.  The circumferential direction is clearly less extensible when tests were 

performed relative to the preconditioned configuration βP.  Recalculating the stretches 

relative to the in vivo configuration βIV, however, suggests the axial direction is the least 

extensible when the tissue is attached to the bone (Figure 3.3b).  This discrepancy is 

primarily attributed to anisotropic tissue contraction (shrinkage) when removed from 

the bone, which is more pronounced in the axial direction (Figures 3.3b and 3.4).  

Finally, the proportional stretch tests reveal an interesting interplay between the 

stretching axes.  That is, the amount of stretch in the less-stiff direction has little or no 

effect on the stress in the stiffer direction within the tested range (compare Figures 3.3a 

and 3.3c).   
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Figure 3.2 Representative raw biaxial data from loading and unloading during an 

equibiaxial test on porcine periosteum.  The line reaching greater stress 

represents the circumferential direction, while the less-stiff line represents the 

axial direction.  The lack of smoothness is not due to the bi-directionality of the 

data but the sensitivity of the equipment in use. 
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Figure 3.3 Representative reduced data for (a) Equibiaxial with stretches 

calculated relative to βP, (b) Equibiaxial stretches relative to βIV and (c) 

Proportional data relative to βP.  Comparison of (a) and (b) reveals effect of 

different reference configurations, while comparisons of (a) and (c) reveal the 

indifference of the circumferential stress to the axial stretch within the range of 

stretches tested.  Circumferential (ο) and Axial (). 
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Figure 3.4 Tissue shrinkage as a percentage decrease from in vivo size for all 

twenty tissues corresponding with values found in Table 3.2.  Negative values 

indicate an increase in size.  Darker circle represents zero percent.  

Circumferential (Dashed) and Axial (Solid). 

 

3.2 Histology 

  Structural features that may give rise to the observed shrinkage and mechanical 

behavior were observed histologically.  Transverse sections taken along the axial and 

circumferential directions reveal three distinct layers – an inner cellular layer 

(cambium), an intermediate layer of small and compact collagen fibers interwoven with 

elastin, and an outer layer of larger collagen fibers (Figures 3.5 and 3.6).  Collagen and 

elastin fibers in the intermediate layer are crimped and oriented along the axis of the 

bone.  The larger collagen fibers of the outer layer travel in the circumferential 
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direction, and are more mildly crimped.  The relatively large quantity of elastin in the 

axial direction coincides well with the higher degree of shrinkage in that direction.  

Similarly, the lower degree of undulation and lack of elastin in the outer layer correlates 

well with the lesser degree of shrinkage in the circumferential direction (Figure 3.4).  

 

Cambium

Elastin-rich 
Layer

Large 
Collagen

Axis of Bone

Cambium

Elastin-rich 
Layer

Large 
Collagen

Axis of Bone
 

 

Figure 3.5 Axial section of periosteum demonstrating orientation of elastin 

fibers along long axis of bone, and marked division in tissue (Weigert’s H&E 

20X).  Inset is close-up of boxed region. 
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Figure 3.6 Circumferential section of periosteum demonstrating the orientation 

of the undulating collagen fibers around the bone circumference and the 

apparent cleavage of elastin fibers running axially (Weigert’s H&E 20X).  Inset 

is close-up of boxed region. 

 

3.3 Inter- and Intra-pig variability 

Mean mechanical responses from the nine subgroups of pigs – pig number (1 to 

4), left limb, right limb, proximal, medial, and distal tissues – are compared in Figures 

3.7 through 3.9.  Recall that comparisons were made on the basis of tensor magnitudes 

to better account for mild differences in material symmetry.  For reference, the special 

case wherein the tissue is unstretched (i.e. λx = λy = 1) corresponds to a stretch 

magnitude |V| of approximately 1.41.   
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Inter-pig variability was more pronounced than intra-pig variability, but no 

statistically significant variations in |V| at a specific value of |T| were observed within 

any of the comparison groups (Figures 3.7 – 3.9). General mechanical characteristics 

were similar across all pigs and anatomical locations tested.  On average, tissues 

transitioned from an easily extensible state to a near inextensible state near |V| = 1.63, 

which corresponds to an equibiaxial stretch of λx = λy ≈ 1.15. 

 

Figure 3.7 Mean mechanical response for Pigs 1 (◊, n=4), 2 (×, n=4), 3 (ο, n=6), 

and 4 (, n=6) plotted as magnitude of Cauchy membrane stress vs. magnitude 

of left stretch tensor.  Bars represent one standard deviation. 
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Figure 3.8 Mean mechanical response for locations Proximal (◊, n=6), Medial 

(×, n=7), and Distal (ο, n=7) plotted as magnitude of Cauchy membrane stress 

vs. magnitude of left stretch tensor.  Bars represent one standard deviation. 

 

Figure 3.9 Mean mechanical response for Left (◊, n=11) and Right (×, n=9) 

plotted as magnitude of Cauchy membrane stress vs. magnitude of left stretch 

tensor.  Bars represent one standard deviation. 
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Table 3.1 identifies the mean values for the tissue shrinkage and mean 

mechanical response data.  Z-tests were performed to identify statistical similarity 

between the means of the data sets.  All the means compared generated Z-values that 

would indicate similarity at α=0.01, except for the circumferential and axial 

comparison, which has statistically dissimilar means. 

Table 3.1 Statistical comparison of data sets using 2.58 ≥ Z ≥ -2.58 to represent 

statistical similarity at α=0.01. 

 

Tissue 

Characteristic
Mean

Standard 

Deviation

Statistical 

Comparison
Z-value α=0.01 Means are:

Circumferential 6.50 7.50 Circ.-Axial -11.49 Different

Axial 33.97 7.63

Pig1-Pig2 -1.61 Similar

Pig 1 1.668 0.050 Pig1-Pig3 0.25 Similar

Pig 2 1.736 0.069 Pig1-Pig4 1.11 Similar

Pig 3 1.660 0.051 Pig2-Pig3 1.90 Similar

Pig 4 1.619 0.090 Pig2-Pig4 2.34 Similar

Pig3-Pig4 0.97 Similar

Proximal 1.662 0.072

Medial 1.664 0.072 Proximal-Medial -0.05 Similar

Distal 1.661 0.092 Proximal-Distal 0.02 Similar

Medial-Distal 0.07 Similar

Left 1.663 0.087

Right 1.657 0.062 Left-Right 0.18 Similar

 

3.4 Constitutive Modeling 

Recall that data from the equibiaxial, constant-x, and constant-y tests were 

simultaneously fit using a single regression for each tissue, yielding a unique set of 

coefficients for each tissue (Table 3.2).  The seven-parameter Fung-type constitutive 

model fit the tissue data well (Figure 3.10).  Because of the high variance of parameters 

from tissue to tissue, however, predicting mechanical behavior of an untested tissue 
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with this model is unlikely.  Furthermore, the model performed poorly in predicting the 

stresses for the proportional loading protocol on the same tissue (Figure 3.11). 

 

Figure 3.10 Representative fit of Equation 8 to equibiaxial data.  Circumferential 

(Solid vs. ο) and Axial (Dashed vs. ). 
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Figure 3.11 Representative prediction of mechanical behavior during a 

proportional test using parameters determined with the Equibiaxial, Constant-X, 

and Constant-Y data.  The model fails to adequately fit the axial direction.  

Circumferential (Solid vs. ο) and Axial (Dashed vs. ). 

 

Table 3.2 General and coefficient information organized for each tissue. 

 
Pig Tissue Limb Location c (N/m) c1 c2 c3 c4 (N/m) c5 (N/m) c6 (N/m)

1 Left Distal 0 791.5447 61.1345 40.9451 26.3509 0.0004 18.9909

2 Left Medial 0.0001 453.9238 0 0 11.2629 0 0.0521

3 Right Distal 0.0001 353.7960 11.4042 0 16.9391 21.3145 0

4 Right Proximal 0 391.8265 27.4744 3.3250 20.0692 15.0441 0.0252

5 Right Medial 0.0007 452.9158 0 0 0 0 7.0518

6 Left Proximal 0.0018 526.1451 0 0 0 0 0

7 Left Medial 0 460.3452 61.3329 29.6954 0.3329 0.3783 20.9814

8 Left Distal 0 461.9797 0 19.5730 37.9948 0 2.7559

9 Right Proximal 0.0001 586.3037 0 54.1370 35.1797 0 39.8909

10 Right Medial 0 632.3932 0 34.8923 40.8809 0 32.6026

11 Right Distal 0.0114 575.5121 45.1443 0 0 0 0

12 Left Proximal 0.0012 446.7328 0 16.5093 3.7279 0 33.9733

13 Left Medial 0.0027 470.8768 18.9652 15.0815 48.7771 0 24.7694

14 Left Distal 0.0082 699.4747 3.9407 0 0 0 0

15 Right Proximal 0 385.1879 11.8596 14.8101 0 26.5580 9.7695

16 Right Medial 0.0094 893.1671 0 0 0 0 0

17 Right Distal 0.0025 1150.8561 46.8720 0 0 0 0

18 Left Proximal 0.0007 2209.9499 60.7868 0 0 0 0

19 Left Medial 0.0196 550.8204 32.9640 1.5731 5.6094 0 45.4447

20 Left Distal 0.0014 311.5373 0.4247 31.8224 27.7867 0 28.0690

Average 0.0030 640.2644 19.1152 13.1182 13.7456 3.1648 13.2188

St Dev 0.0052 420.5381 23.6298 16.8484 16.6723 7.9000 15.7846

1

2

3

4
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CHAPTER 4 

DISCUSSION 

The periosteum is a key contributor of osteoprogenitor cells during bone growth 

and adaptation, trauma repair, and callotasis [Kojimoto et al., 1988].  The processes that 

call these cells into action are not understood fully, but it is generally accepted that 

mechanical loading plays a significant role by instigating recruitment, proliferation, 

and/or differentiation of the periosteal cells.  Mechanical characterization of the 

periosteum, therefore, is a prudent step in deciphering these roles.  Because the 

periosteum is three-dimensional and likely subjected to multiaxial loads in vivo, simple 

uniaxial tests are insufficient for a full mechanical characterization.  Herein, we’ve 

made use of the membrane theory in continuum mechanics to reduce periosteal 

mechanics to a two dimensional problem, and we’ve presented the first biaxial 

interrogation of periosteal mechanics. 

4.1 General Mechanical Characteristics 

Reports on periosteal microstructure reveal both a species and location 

dependence, making direct comparisons to previous studies a challenge.  The porcine 

periosteum herein has at least three distinct layers – a cellular layer, an elastin-rich 

layer, and a collagen-rich layer – the latter two providing structural integrity.  Not 

surprisingly then, the general biaxial mechanical characteristics of periosteum resemble 

those of other collagen and/or elastin-rich membranes [Vawter et al., 1978; Lanir, 1979; 
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Kang et al., 1996; Chew et al., 1986; Billiar and Sacks, 2000].  Collagen is the stretch-

limiting constituent, becoming near-inextensible when pulled taut, and therefore 

dominates in the steep region of the stress-stretch plot.  Conversely, elastin plays the 

more significant role in lower ranges of stretch, giving rise to the mild slope in the 

initial region of the stress-stretch plot [Kang et al., 1996].  The transition, or elbow, 

region represents the sequential recruitment of collagen fibers as they become fully 

stretched (uncrimped).  Anisotropy is marked, likely because of the sharp delineation 

between the two orthogonally-opposed fibrous layers with primary fiber directions 

corresponding to the axes of stretch.  Collagen bands of the collagen-rich layer run in 

the circumferential direction, have fewer periodic undulations, and appear thicker when 

compared to the fibers of the elastin-rich layer that are oriented along the bone axis.  

Thus giving rise to the higher apparent stiffness in the circumferential direction.   

4.2 In Vivo Condition 

Notably, tissue shrinkage was significantly more pronounced in the axial 

direction when removed from the bone, corresponding well to the dense population of 

elastin fibers oriented in that direction.  Hence, the stiffer direction in situ can not be 

inferred directly from our tests.  Indeed, Figure 3.3 shows plainly that, while the 

circumferential direction was stretched to its in vivo length (λ* = 1) during our 

equibiaxial tests, the axial direction remained far below its in vivo length.  Based on this 

result, and our observations that loads of greater than 60g (~ 40 N/m) in each direction 

were required to hold the tissue at its in vivo dimensions (not reported), we surmise that 

the tissue exists in a highly stressed state when attached to the bone.   
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4.2.1 Other Findings 

This correlates well to the findings of several investigators who have shown 

increased longitudinal growth when the periosteum is “released” through 

circumferential incision, due to its proposed role as a mechanical restraint to growth 

[Wilson-MacDonald et al., 1990; Crilly, 1972; Warrell and Taylor, 1979; Harkness and 

Trotter, 1978; Lynch and Taylor, 1987].  Our findings are contrary, however, to the 

observations of Bertram et al. (1998), who suggest that periosteum is only mildly 

stressed in vivo and therefore cannot mechanically constrain longitudinal growth.  The 

discrepancy in observations is likely due to the uniaxial nature of their tests.  Briefly, 

they fixed both ends of an avian long-bone in a uniaxial stretching fixture, placed two 

lines on the periosteum to demarcate the in vivo length, and then cleverly removed the 

diaphyseal region of the bone while preserving an intact strip of periosteum connected 

to the two bone ends.  Then they performed a single full-range stretching test to failure 

while monitoring the force and displacement between the two lines.  The stress at the 

original length was easily determined from the data.  However, it is probable that the 

tissue relaxed in the circumferential direction when they removed the diaphysis of the 

bone, as there were no constraints preventing it from doing so.  This would have 

reduced the level of stress and increased the tissue length in the axial (longitudinal) 

direction, thereby underestimating the true in vivo longitudinal stress. 

4.3 Tissue Variability 

Variability in mechanics from one tissue to the next is typical, and may be due 

to differences in tissue constituents, microstructure, and/or geometry.   This confounds 
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rigorous quantitative analyses on how periosteal mechanics change when, for example, 

subjected to supraphysiologic loads during callotasis.  Enlightening qualitative analyses 

are possible, however, provided the inter-tissue variability is reasonably small or 

distributed fairly even about some mean.  Clearly, the mean mechanical responses for 

the four pigs are qualitatively similar, but span a wide range of stretches.  Still, the 

differences are statistically insignificant for any two pigs, and they are well distributed 

about the overall mean.  Differences between the means were all but negated when we 

grouped the tissues according to location (proximal, medial, or distal) and limb (left or 

right).  Thus, our data suggest one may somewhat indiscriminately pool periosteal 

samples from multiple pigs and multiple locations, within the limits tested herein, for a 

common parametric analysis. 

4.4 Constitutive Modeling 

Ultimately, an understanding of periosteal mechanics may prove most beneficial 

when incorporated into computational bone growth models.  As such, a relevant 

constitutive relation must be identified and the material parameters determined.  Herein, 

we chose only to investigate the utility of an existing relation, which has modeled well 

other collagenous tissues (eg. endocardium [Kang et al., 1996]).  The model fit the data 

well for both axes, but material parameters varied widely between tissues.  Common for 

all tissues, however, was the dominance of the exponential parameter associated with 

E11, the strain in the circumferential direction.  This appears to agree with the observed 

indifference of the circumferential stress to the axial stretch within the range of 

stretches tested (compare the circumferential plots in Figures 3.3a and 3.3c).  This 
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dominance is likely responsible also for the poor fit to the proportional data (Figure 

3.11).  In essence, the model is relatively insensitive to the increased axial stretch and is 

probably not suited well to predicting the mechanical stress of this tissue for any non-

equibiaxial deformation.  A better constitutive model is needed. 

The model used herein incorporates a single pseudo-strain energy function 

applied to a complex, multi-constituent tissue.  Alternatively, one may use a slightly 

more sophisticated model that accounts better for the observed ultrastructure (i.e. a 

microstructural model).  For example, the two distinct structural layers can be modeled 

as independent membranes stretched in parallel.  The stress in each membrane could 

then be described in terms of separate pseudo-strain energy functions (according to 

Equation 7) with unique sets of coefficients, then summed.  As suggested in Kang et al. 

(1996), perhaps a seven-parameter model would work best for the elastin-rich layer 

while a simpler four-parameter model may work for the collagen-rich layer.   Of course, 

such a model assumes the unlikely scenario that the two structural layers act 

independently of one another.  Still, investigation of such models is worthwhile and will 

be a focus of our future work. 

4.5 Future Work 

As a preliminary analysis, there is much future work that can strengthen and 

build upon our findings and those of others.  Evaluating the alterations in mechanical 

behavior for periosteum cultured under well-controlled boundary conditions is a 

planned follow-up to this work, and may help elucidate the effects of callotasis on 

periosteum.  Further mechanical testing and/or microstructural analysis may help 
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elucidate the physical relationship between the principal stretching axes.  Ultimately, a 

modeling approach that incorporates both phenomenological and microstructural 

arguments may yield the optimal constitutive relation.  
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