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Abstract 

Coronary heart disease is a leading cause of death among Americans for which coronary artery 

bypass graft (CABG) surgery is a standard surgical treatment.  The success of CABG surgery is 

impaired by the compliance mismatch between vascular grafts and native vessels.  Tissue 

engineered vascular grafts (TEVGs) have the potential to be compliance matched and thereby 

reduce the risk of graft failure.  Glutaraldehyde (GLUT) vapor-crosslinked gelatin/fibrinogen 

constructs were fabricated and mechanically tested in a previous study by our research group at 

2, 8, and 24 hours of GLUT vapor exposure.  Constructs electrospun with tropoelastin in addition 

to gelatin and fibrinogen fibers were also fabricated and tested for the same amounts of GLUT 

vapor exposure.  The current study details a computational method that was developed to predict 

the material properties of our constructs for crosslinking times between 2 and 24 hours by 

interpolation and regression of the 2, 8, and 24 hour crosslinking time data.  Matlab and Abaqus 

were used to determine the optimal combination of fabrication parameters to produce compliance 

matched constructs.  The validity of the method was first tested on a 16 hour crosslinked 

gelatin/fibrinogen construct of 130 μm thickness.  The predicted compliance was  0.00059 

mmHg-1 while the experimentally determined compliance was 0.00065 mmHg-1, a relative 

difference of 9.2%.   Prior data in our laboratory has shown the compliance of the left anterior 

descending porcine coronary (LADC) artery to be 0.00071 ± 0.0003 mmHg-1.  The optimization 

algorithm predicts that a 258 μm thick construct that is GLUT vapor crosslinked for 8.1 hours 

would match LADC compliance.  The algorithm was expanded to predict the compliance of 

constructs consisting of alternating layers of tropoelastin/gelatin/fibrinogen and 

gelatin/fibrinogen.  A four layered graft was designed and fabricated using this optimization 

routine.  The layered construct was found to have a compliance of 0.00051 mmHg-1 while the 

predicted compliance was 0.00061 mmHg-1, a difference of 16%.  This is a promising method for 

matching the compliance of our TEVGs with the native tissue of various specimens.   
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Introduction 
In 2010, cardiovascular disease (CVD) was present in more than one third of the United States’ 

population over the age of 20, and accounted for 787,650 American deaths [1]. Of these deaths, 

nearly half of all cases point to coronary heart disease as the underlying cause.  Coronary artery 

bypass graft (CABG) surgery is a common treatment for coronary heart disease and is the 

process in which autologous vessels or vascular grafts are used to bypass diseased vessels [2].  

Current CABG methods are inadequate as many grafts suffer from an increased risk of 

thrombosis and graft failure due to intimal hyperplasia caused by a compliance mismatch 

between the artery and graft [2, 3].   

Tissue engineered vascular grafts (TEVGs) are a potential solution to the aforementioned issues 

associated with bypass graft surgery as they can be engineered to have a compliance that 

matches that of the native vessel and also to be non-thrombogenic, biocompatible, non-

immunogenic, and infection resistant [4].  In order to design a compliance-matched TEVG it is a 

logical first step to try to mimic the material and microstructure of a native vessel. Coronary 

arteries consist primarily of smooth muscle cells (SMCs) embedded in an extracellular matrix of 

collagen and elastin fibers [3].  Previous research has suggested that electrospinning layers of 

collagen and elastin tissue to create vascular constructs is a viable option to replicate the 

biomechanical properties of vascular tissue [5-7].  Our research group has successfully 

electrospun and characterized non-synthetic biopolymer vascular grafts using gelatin and 

fibrinogen.  The effect of crosslinking time via exposure to glutaraldehyde (GLUT) vapor on 

their mechanical behavior was also characterized [4].  Because compliance matching with the 

host artery is of critical importance in graft design [2, 3, 8], a computational technique has been 

developed to predict the compliance of our constructs based on the thickness of the construct and 
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the duration of crosslinking time.  Predictability of material properties is useful for compliance 

matching and improving viability of implanted grafts, while also being cost and time effective.  

An optimization scheme has been developed that incorporates the prediction of material 

properties and compliance of uniform grafts consisting of one material, as well as grafts 

consisting of alternating layers of two different materials.   The purpose of this thesis is to detail 

the method behind the computational optimization of thickness and crosslinking time to achieve 

a vascular graft compliance matched to porcine left anterior descending coronary (LADC) artery.   

Methods 

Fabrication of 80:20 Gelatin:Fibrinogen Constructs 
Our research group has previously fabricated tubular constructs using gelatin extracted from 

porcine skin (Sigma-Aldrich, USA) and fraction I bovine fibrinogen (Sigma-Aldrich, USA) at a 

ratio of 80:20 gelatin:fibrinogen dissolved in 1,1,1,3,3,3-Hexafluoro-2-propanol (HFP) (Sigma-

Aldrich, USA)  at 10% w/v.  This solution was dispensed through a 23 gauge stainless steel 

dispensing needle on a 5ml BD syringe loaded into a NE-100 single syringe pump (New era 

pump systems Inc., USA).  A 15 kV voltage difference was applied between the dispensing tip 

and a 1.6 mm OD mandrel rotating at 25 RPM and translating at 10 mm/s.  The voltage 

difference caused the biopolymer solution to be deposited onto the mandrel, forming a tubular 

construct.  This electrospinning setup can be seen in Fig. 1 below [4]. 
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Figure 1.  Electrospinning Setup  

These constructs were then removed from the stainless steel rod and suspended in the air in a 

chamber containing 25% (v/v) liquid GLUT.  Three experimental groups with three replicates 

each were created and allowed to crosslink for 2, 8, and 24 hours before mechanical testing [4].  

These constructs were used as the basis for the present study.   

Fabrication of 66%  Tropoelastin Constructs 
A similar fabrication process was used to create constructs consisting of alternating layers of two 

different materials.  The first material is the 80:20 Gelatin:Fibrinogen described in the previous 

section.  The second material is a mixture of tropoelastin and 80:20 Gelatin:Fibrinogen.  This 

solution is prepared by dissolving human tropoelastin and 80:20 gelatin:fibrinogen at a ratio of 

66:33 tropoelastin:gelatin/fibrinogen at 10% w/v in 1,1,1,3,3,3-Hexafluoro-2-propanol (HFP) 

(Sigma-Aldrich, USA).  This solution was dispensed through a stainless steel dispensing needle 

on a 5ml BD syringe loaded into a NE-100 single syringe pump (New era pump systems Inc., 

USA).  A 15 kV voltage difference was applied between the dispensing tip and a 1.6 mm OD 

Rotating Translating Mandrel 

Syringe Pump 

Rod with Solution Deposited 
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rotating and translating mandrel.  To be clear, both materials being used here contain 80:20 

gelatin:fibrinogen, but material two contains 66% tropoelastin fibers to 33% gelatin/fibrinogen.  

In the fabrication of these constructs, two syringes were prepared, one with only 

gelatin/fibrinogen and one with 66% tropoelastin.  After one layer of 80:20 gelatin:fibrinogen 

was deposited on the mandrel, the other syringe containing the solution for 66% tropoelastin 

would be inserted to deposit the next layer.  This process continued until the desired number of 

layers was reached.  The thickness of a layer can be controlled by adjusting the volume of 

solution deposited for that particular layer.  Assuming each layer to be a thin walled cylinder, the 

thickness of a layer is given by 

𝑡 =
𝑉

2𝜋𝑟𝐿
,                                                                    (1) 

Where V is the volume of solution deposited, r is the radius of the construct before the current 

layer, and L is the length of the rod along which solution is deposited.  As with the pure 80:20 

gelatin:fibrinogen constructs, the mixed constructs were allowed to crosslink by being suspended 

in the air in a chamber containing 25% (v/v) liquid GLUT.  Again, three experimental groups 

with three replicates each were created and allowed to crosslink for 2, 8, and 24 hours before 

mechanical testing. 

Mechanical Testing 
 A microbiaxial optomechanical device (MOD) has been used by our laboratory to 

characterize the mechanical properties of various soft tissues [9-14]. This device, shown in Fig. 2 

below, is capable of stretching tubular samples longitudinally while also applying an 

intraluminal pressure. Each end of the specimen is cannulated onto a glass capillary.  Axial load 

is applied to the specimen via stepper motors and is measured by precision load cells [12].  The 

intraluminal pressure is achieved by allowing water to flow from a reservoir through the glass 
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capillaries and through the specimen.  Adjusting the height of the reservoir adjusts the magnitude 

of the intraluminal pressure, which is measured by a gauge in the circuit.  Stretch and strain 

information is gathered by using an imaging software that tracks the position of two ceramic 

powder markers on the specimen.       

 

Figure 2. Microbiaxial Optomechanical Device being used to test a gelatin/fibrinogen tubular 

construct 

Six different experimental test protocols were performed on each specimen.  After 

preconditioning, the intraluminal pressure was increased from 0 to 120 mmHg with constant 

axial loads of 0, 10, and 30 g.  The axial load was then increased from 0 to 30 g with constant 

intraluminal pressures of 0, 70, and 120 mmHg [4, 15, 16].   

Material Properties 
The compliance of the constructs is defined according to Eq. 2 [4]: 
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 𝐶𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 (𝑚𝑚𝐻𝑔−1) =  

(𝐷120 − 𝐷70)
𝐷70

⁄

50 𝑚𝑚𝐻𝑔
  (2) 

where 𝐷120 and 𝐷70 are the diameters of the construct at an intraluminal pressure of 120 mmHg 

and 70 mmHg, respectively.   

Data from the mechanical testing was fit to a four-parameter Fung-type strain energy model [4, 

15].  This particular strain energy density function, which is supported by finite element software 

ABAQUS, was chosen because an exponential model captures the strain stiffening behavior seen 

both in native tissue and in our constructs. 

 𝑊 =
𝑐

2
(𝑒𝑄 − 1) (3) 

 𝑄 = 𝐴1𝐸𝜃𝜃
2 + 𝐴2𝐸𝑧𝑧

2 + 2𝐴3𝐸𝜃𝜃𝐸𝑧𝑧 (4) 

Here, 𝑊 represents the strain energy density, and 𝑐 (kPa), 𝐴1, 𝐴2, and 𝐴3 are material constants, 

𝐸𝜃𝜃 is the circumferential Green strain, and 𝐸𝑧𝑧 is the axial Green strain.  The second Piola-

Kirchhoff stresses for the above constitutive relationship are: 

 𝑆𝜃𝜃 = 𝑐(𝐴1𝐸𝜃𝜃 + 𝐴3𝐸𝑧𝑧)𝑒𝑄 (5) 

 𝑆𝑧𝑧 = 𝑐(𝐴2𝐸𝑧𝑧 + 𝐴3𝐸𝜃𝜃)𝑒𝑄 (6) 

where 𝑆𝜃𝜃 is the circumferential second Piola-Kirchhoff stress and 𝑆𝑧𝑧 represents the axial 

second Piola-Kirchhoff stress.  The 2, 8, and 24 hour crosslinked constructs were found, on 

average, to have the constants shown in Table 1 for the Fung type constitutive model [4]. 
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Table 1. Constants for the constitutive model for 80:20 gelatin:fibrinogen constructs at 2, 8, and 

24 hours of crosslinking time, as seen in [4]. 

Crosslinking Time C (kPa) A1 A2 A3 R2 

2 Hours 31.0 24.0 7.3 2.6 0.90 

8 Hours 49.1 16.7 7.9 3.0 0.88 

24 Hours 83.6 22.6 12.1 4.1 0.96 

 

Note that the constants in Table 1 are determined by considering all of the replicates from a 

given crosslinking time as one large data set.  The constants associated with that crosslinking 

time are then determined from the large data set, not by averaging the constants from each 

individual replicate. The same methods are used to obtain the material properties for the 66:33 

tropoelastin:gelatin/fibrinogen, which are given in Table 2 below. 

Table 2. Constants for the constitutive model for 66:33 tropoelastin:gelatin/fibrinogen constructs 

at 2, 8, and 24 hours of crosslinking time. 

Crosslinking Time C (kPa) A1 A2 A3 R2 

2 Hours 1.07e9 1.12e-7 1.51e-6 4.81e-8 0.93 

8 Hours 140 1.29 5.09 9.27e-13 0.04 

24 Hours 962 0.21 1.91 0.088 0.90 

 

Prediction of Material Properties – Regression 
In order to implement an optimization scheme that determines what fabrication parameters 

would produce a construct of desired properties, a method was developed to predict the 

mechanical behavior of constructs for any crosslinking time between 2 and 24 hours without 

building and testing new constructs.  This was achieved by making use of the existing data for 2, 

8, and 24 hours of crosslinking.  Regression of stress-strain data at each crosslinking time was 

performed using the response surfaces in equations 7 and 8.  The goal of these equations is to 
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model circumferential and axial stress not only as functions of circumferential and axial strain, 

but also of crosslinking time.  

 𝑆𝜃𝜃 = 𝐴(𝑒𝐵1𝐸𝜃𝜃
2 +𝐵2𝐸𝑧𝑧

2 +2𝐵3𝐸𝜃𝜃𝐸𝑧𝑧+2𝐵4𝑡𝐸𝜃𝜃+2𝐵5𝑡𝐸𝑧𝑧 − 1)  (7) 

 𝑆𝑧𝑧 = 𝐶(𝑒𝐷1𝐸𝜃𝜃
2 +𝐷2𝐸𝑧𝑧

2 +2𝐷3𝐸𝜃𝜃𝐸𝑧𝑧+2𝐷4𝑡𝐸𝜃𝜃+2𝐷5𝑡𝐸𝑧𝑧 − 1) (8) 

In these expressions, 𝑡 is crosslinking time while 𝐴, 𝐵𝑖, 𝐶, and 𝐷𝑖 are constants determined by 

fitting all of the data for the 2, 8, and 24 hour crosslinked constructs separately for 𝑆𝜃𝜃 and 𝑆𝑧𝑧.   

This exponential form was chosen because the exponential Fung-type constitutive model was 

successfully used with these constructs previously [4].  Note that equations 7 and 8 do not form a 

constitutive model for use in finite element simulation.  The purpose of these response functions 

is to approximate what experimental stress-strain data would be for any arbitrary level of GLUT 

vapor crosslinking time, 𝑡, between 2 and 24 hours.  Examples of these surfaces for crosslinking 

times of 2, 4, 8, 12, 16, and 24 hours are shown in Fig. 3 below.  It is apparent from the figure 

that as crosslinking time increases, the constructs become stiffer both circumferentially and 

axially, as expected [4].  
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Figure 3.Time dependent response surfaces used to determine constants for constitutive model in 

order to predict material behavior for crosslinking times for which experimental data has not 

been collected.  
 

Note that this model is valid for any value of crosslinking time between 2 and 24 hours.  After 

these response surfaces are generated, the constants for the Fung-type constitutive model are 

determined by simultaneously fitting the data from the response surfaces to equations 5 and 6.  

Finally, these constants are then used to define the material properties for a finite element 

simulation. 

Prediction of Material Properties – Interpolation 
The method of material property prediction described above was implemented with some success 

in creating tissue-engineered grafts consisting solely of 80:20 gelatin:fibrinogen [17].  However, 

a more robust method was needed when examining constructs consisting of alternating layers of 

two materials.  For the additional material, 66:33 tropoelastin:gelatin/fibrinogen, the method of 

material property prediction developed is similar to the first method in that response surfaces are 

generated to predict what the stress-strain surfaces would look like for any crosslinking time.  As 

with the pure 80:20 gelatin:fibrinogen constructs, three replicates were fabricated and tested at 2, 

8, and 24 hours of crosslinking time for the 66:33 tropoelastin:gelatin/fibrinogen.  The notation 

for the Fung-type constitutive law is shown in equations  9, 10, 11, 12, 13, and 14 below: 
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 𝑆𝜃𝜃
(2)

(𝐸𝜃𝜃, 𝐸𝑧𝑧) = 𝑐(2)(𝐴1
(2)

𝐸𝜃𝜃 + 𝐴3
(2)

𝐸𝑧𝑧)𝑒𝑄(2)
 (9) 

 𝑆𝑧𝑧
(2)

(𝐸𝜃𝜃, 𝐸𝑧𝑧) = 𝑐(2)(𝐴2
(2)

𝐸𝑧𝑧 + 𝐴3
(2)

𝐸𝜃𝜃)𝑒𝑄(2)
 (10) 

 𝑆𝜃𝜃
(8)

(𝐸𝜃𝜃, 𝐸𝑧𝑧) = 𝑐(8)(𝐴1
(8)

𝐸𝜃𝜃 + 𝐴3
(8)

𝐸𝑧𝑧)𝑒𝑄(8)
 (11) 

 𝑆𝑧𝑧
(8)

(𝐸𝜃𝜃, 𝐸𝑧𝑧) = 𝑐(8)(𝐴2
(8)

𝐸𝑧𝑧 + 𝐴3
(8)

𝐸𝜃𝜃)𝑒𝑄(8)
 (12) 

 𝑆𝜃𝜃
(24)

(𝐸𝜃𝜃, 𝐸𝑧𝑧) = 𝑐(24)(𝐴1
(24)

𝐸𝜃𝜃 + 𝐴3
(24)

𝐸𝑧𝑧)𝑒𝑄(24)
 (13) 

 𝑆𝑧𝑧
(24)

(𝐸𝜃𝜃, 𝐸𝑧𝑧) = 𝑐(24)(𝐴2
(24)

𝐸𝑧𝑧 + 𝐴3
(24)

𝐸𝜃𝜃)𝑒𝑄(24)
 (14) 

Where 𝑐 (kPa), 𝐴1, 𝐴2, and 𝐴3 are material constants, 𝐸𝜃𝜃 is the circumferential Green strain, 

𝐸𝑧𝑧 is the axial Green strain, 𝑆𝜃𝜃 is the circumferential second Piola-Kirchhoff stress and 𝑆𝑧𝑧 

represents the axial second Piola-Kirchhoff stress as before.  The superscript parenthesis indicate 

the crosslinking time of the specimen associated with that surface.  Rather than using a new 

functional form with new constants to find, as in equations 7 and 8, the new method is a 

weighted sum of the experimental stress-strain surfaces at 2, 8, and 24 hours.  The weighted sum 

method applies Lagrange interpolating polynomials to interpolate the response surfaces based on 

time such that the true experimental data is recovered if time equals 2, 8, or 24 hours.  Because 

there are three data points, the polynomials are second order. The expressions are given below: 

𝑆𝜃𝜃(𝐸𝜃𝜃, 𝐸𝑧𝑧 , 𝑡) = 𝑁1(𝑡)𝑆𝜃𝜃
(2)(𝐸𝜃𝜃, 𝐸𝑧𝑧) + 𝑁2(𝑡)𝑆𝜃𝜃

(8)(𝐸𝜃𝜃, 𝐸𝑧𝑧) + 𝑁3(𝑡)𝑆𝜃𝜃
(24)(𝐸𝜃𝜃, 𝐸𝑧𝑧)   (15) 

𝑆𝑧𝑧(𝐸𝜃𝜃, 𝐸𝑧𝑧 , 𝑡) = 𝑁1(𝑡)𝑆𝑧𝑧
(2)(𝐸𝜃𝜃, 𝐸𝑧𝑧) + 𝑁2(𝑡)𝑆𝑧𝑧

(8)(𝐸𝜃𝜃, 𝐸𝑧𝑧) + 𝑁3(𝑡)𝑆𝑧𝑧
(24)(𝐸𝜃𝜃, 𝐸𝑧𝑧)    (16) 

Where 𝑁𝑖(𝑡) are Lagrangian interpolating polynomials, 𝑆𝜃𝜃(𝐸𝜃𝜃, 𝐸𝑧𝑧, 𝑡), and 𝑆𝑧𝑧(𝐸𝜃𝜃, 𝐸𝑧𝑧 , 𝑡) are 

the response surfaces for any crosslinking time between 2 and 24 hours.  The Lagrangian 

interpolating polynomials are chosen so satisfy: 
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∑ 𝑁𝑖
3
𝑖=1 = 1     (17) 

𝑁𝑖(𝑡𝑗) =  𝛿𝑖𝑗    (18) 

Applying equations 17 and 18 to this specific case gives the following polynomials: 

𝑁1(𝑡) =
(𝑡 − 8)(𝑡 − 24)

132
 

𝑁2(𝑡) =
(2 − 𝑡)(𝑡 − 24)

96
 

𝑁3(𝑡) =
(𝑡 − 2)(𝑡 − 8)

352
 

This interpolation method is implemented using the data for the 66% tropoelastin constructs and 

it removes the need for an additional least-squares fitting of new functions.  The response surface 

methods described in this chapter and the preceding one can be of course applied to any material 

for which experimental data exists at some sampling of crosslinking times, they are not limited to 

any particular material or material model. 

Optimization 

Finite Element Simulation 
Matlab was used in conjunction with finite element analysis software Abaqus to generate and 

mesh the geometries used in the optimization.  An axisymmetric model with four-noded, 

reduced-integration, axisymmetric, solid elements with hybrid formulation was used.  Figure 4 

below shows the boundary value problem that was solved (iteratively) by Abaqus.   
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Figure 4. Example of an axisymmetric tube with fixed boundary conditions at the top and bottom and an 

applied pressure, P, on the inner surface.  The tube has inside diameter ID and   thickness t.  The dotted 

line is the line of axisymmetry. 

Mesh Density Study 
A brief study was performed to determine the ideal number of elements in the thickness direction 

and along the length of the construct.  The number of elements along the length was found to 

have no impact on the resulting compliance from the finite element simulation.  Five elements 

were chosen along the length however to avoid any issues raised by poorly scaled, very long and 

thin elements.     
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Figure 5. Mesh density study using compliance. 

For all of the simulations that are detailed below, nine elements are used in the thickness 

direction.   

Optimization - Overview 
Our laboratory has previously written custom Matlab code to interact with Abaqus without 

opening the graphical user interface [18, 19].  A Matlab-Abaqus optimization routine was 

developed that simulates pressurized constructs as seen in Fig. 4 and extracts the diameter at 70 

and 120 mmHg to calculate the compliance.  With each iteration, a different combination of 

thickness and material properties are sent to Abaqus. To be clear, the material properties are 

determined by treating the response surfaces generated from one of the aforementioned models 

as experimental data for the input crosslinking time for the current iteration.  During each 

iteration, this auto-generated experimental data is then fit to the four-parameter Fung-type strain 
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energy model described in equations 3 and 4.  The resulting constants are then used in the 

hyperelastic Fung-orthotropic material model in ABAQUS.  The objective function in this 

optimization is the absolute value of the difference between the compliance predicted by the 

current iteration and the desired compliance (the compliance of the native tissue).  The gradient 

based bounded optimization function fminsearchbnd is used in Matlab to push the objective 

function to zero by updating the values of thickness and crosslinking time for the next iteration.  

Side constraints are used to limit the thickness to a physiologically reasonable range and to allow 

only crosslinking times between 2 and 24 hours.  The simulation continues to update until the 

predicted compliance is sufficiently close to the desired compliance (see Fig. 6). 

 

Figure 6. Optimization Program Schematic 

 

Results 

Results – Single Material Constructs 
Coefficient of determination (R2) values and visual assessment were both used to determine the 

validity of the response surface model fit to the experimental data. Tables 3 and 4 show the 

constants that were found to best fit the data and Fig. 7 shows visually how well the response 

surfaces match the experimental data. 
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Table 3. Constants and R2 for Equation 7 

A (kPa) B1 B2 B3 B4 (s
-1) B5 (s

-1) R2 

45,355.8 0.013 0.015 0.0097 0.00014 0.00053 0.84 

 

Table 4. Constants and R2 for Equation 8 

C (kPa) D1 D2 D3 D4 (s
-1) D5 (s

-1) R2 

407.1 7.92 2.33 0.58 0.08 0.015 0.94 
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Figure 7. Method of regression response surface and experimental data comparison 

To further verify the accuracy of the material properties predicted using the response surface 

model for 80:20 gelatin:fibrinogen, an 80:20 gelatin:fibrinogen construct was fabricated, allowed 

to crosslink for 16 hours, and then mechanically tested using the MOD.  This construct had an 

outside diameter of 1.12 mm and a thickness of 130 μm.  The mechanical testing showed that the 

compliance of this specimen was 0.00065 mmHg-1.  A simulation in Abaqus performed using the 

material properties generated by the response surface model predicted that a construct of this 

exact geometry would have a compliance of 0.00059 mmHg-1, giving an acceptable percent 

relative error of 9.2%.  

Compliance Matched Single Material Construct 
In a previous study by our research group, porcine coronary artery data was collected and used 

for comparison with our TEVGs [4, 15].  Porcine left anterior descending coronary (LADC) 

artery was found to have a compliance of 0.00071 ± 0.0003 mmHg-1 [4].  The following 

optimization problem was solved to predict what thickness and crosslinking time one of our 

80:20 gelatin:fibrinogen constructs should have in order to compliance match the LADC.   
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min
𝑡,  𝑡𝑖𝑚𝑒

|𝐶 − 𝐶∗| 

𝑡𝑚𝑖𝑛 ≤ 𝑡 ≤ 𝑡𝑚𝑎𝑥 

2 ≤ 𝑡𝑖𝑚𝑒 ≤ 24    

Here 𝐶 is the compliance of the current iteration, 𝐶∗ is the target compliance, 𝑡 is the thickness of 

the construct, and 𝑡𝑖𝑚𝑒 is the crosslinking time.  The optimization result indicated that a 

construct 258 μm thick with 8.1 hours of crosslinking would match the compliance of a LADC.  

This result corroborates the previous finding by our laboratory that an 8 hour crosslinked 

construct and LADC exhibit no statistical difference in compliance [4].  Figure 10 shows a plot 

of the objective function with each iteration and the final parameters that are predicted to 

produce a compliance matched construct.  An animated version of this figure was also created to 

view the results of each iterate in a convenient way.  The animation can be seen in [17].  

 

Figure 8. Thickness versus iteration for the single layered optimized construct 
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Figure 9. Crosslinking time of the optimized construct at each iteration 

     

Figure 10. Objective Function (Current Compliance - Desired Compliance) and simulation 

results.  The desired compliance was 0.0007 mmHg-1 
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Optimization – Layered Constructs 
A similar optimization scheme was used to determine the optimum fabrication parameters to 

produce layered constructs with compliance matching that of a desired native tissue.  The figure 

below shows an example composite tropoelastin/gelatin/fibrinogen tissue engineered vascular 

graft in cross section.  

 

 

 

 

 

 

 

In optimizing for layered constructs, the thickness of each layer is now a design variable.  The 

new optimization problem is stated below. 

min
𝑡𝑖,  𝑡𝑖𝑚𝑒

|𝐶 − 𝐶∗| 

𝑡𝑖 𝑚𝑖𝑛 ≤ 𝑡𝑖  ≤ 𝑡𝑖 𝑚𝑎𝑥 

2 ≤ 𝑡𝑖𝑚𝑒 ≤ 24    

The total number of layers can also be varied, and separate optimizations were performed for 

different numbers of layers.  For each number of layers chosen, there was a different 

combination of thicknesses that should produce the desired compliance.  From this group one 

result could be selected based on feasibility of fabrication.  

66:33 Tropoelastin:Gelatin/Fibrinogen 

80:20 Gelatin:Fibrinogen 

Figure 11. Cross section of layered vascular graft 
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Results – Layered Constructs 
To assess the validity of the Lagrangian interpolating polynomials implemented in predicting the 

material properties of the 66:33 tropoelastin:gelatin/fibrinogen constructs, visual inspection was 

used as the  coefficient of determination is unavailable as this is an interpolation method, not a 

regression as seen in the preceding chapter.  The following plots show how well the response 

surfaces fit the 2, 8, and 24 hour crosslinked 66:33 tropoelastin:gelatin/fibrinogen stress-strain 

data.  Note that these surfaces are exactly those obtained by performing a regression on equations 

5 and 6 because equations 15 and 16 recover surfaces based on the experimental data at the three 

time points for which experimental data is available. 
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Figure 12. Comparison of experimental data and interpolation based response surfaces 

Compliance Matched Layered Construct 
The optimization scheme and response surfaces detailed above for alternating layers of 80:20 

gelatin fibrinogen and 66:33 tropoelastin:gelatin/fibrinogen was run with the desired compliance 



29 

 

set to 0.0007 mmHg-1 in an effort to match porcine LADC.  Convergence plots and the optimum 

design reached from these simulations is given in the figures and table that follow. 

 

Figure 13. Thickness vs. Iteration for each layer of the 66% tropoelastin constructs 

 

Figure 14. Evolution of the crosslinking time and objective function with each iteration for the layered 

construct optimization 
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Table 5. Optimized parameters for layered construct 

Layer 1 (80:20 gelatin:fibrinogen) Thickness (μm) 50 

Layer 2 (66:33 tropoelastin:gelatin/fibrinogen) Thickness (μm) 82 

Layer 3 (80:20 gelatin:fibrinogen) Thickness (μm) 73 

Layer 4 (66:33 tropoelastin:gelatin/fibrinogen) Thickness (μm) 70 

Total Thickness (μm) 275 

Crosslinking Time (Hours) 3.15 

 

Attempting to match the guidelines given in table 5 above, two different layered 80:20 gelatin 

fibrinogen and 66:33 tropoelastin:gelatin/fibrinogen constructs were created with the following 

results. 

Table 6. Actual dimensions of constructs created to match the prediction given in table 5 

 Average 

Thickness 

(μm) (A) 

Standard 

Deviation 

(μm) (A) 

Average 

Thickness 

(μm) (B) 

Standard 

Deviation 

(μm) (B) 

Layer 1 (80:20 

gelatin:fibrinogen) 

48 1 55 32 

Layer 2 (66:33 

tropoelastin:gelatin/fibrinogen) 

111 13 114 27 

Layer 3 (80:20 

gelatin:fibrinogen) 

54 8 86 16 

Layer 4 (66:33 

tropoelastin:gelatin/fibrinogen) 

91 13 71 6 

Total Thickness 302 15 334 37 

 

Note that an average thickness is given for each layer as well as the total thickness of the 

construct.  This is because the fabrication process leads to constructs with non-uniform cross-
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sections.  The images below show the cross-section of each layered construct described above.  

The images were captured using the auto-fluorescence channel of a fluorescent microscope using 

a 10x immersible objective.   

 

Figure 15. Fluorescence microscope image of layered construct A with detail view. The image shown is 

an average intensity Z projection through a 400 micron thick stack. 
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Figure 16. Fluorescence microscope image of layered construct B. The image shown is an average 

intensity Z projection through a 400 micron thick stack 

The compliance of layered constructs A and B was determined by biaxial testing using the MOD 

with results shown in the table below.   

Table 7. Experimental Results for Compliance of Layered Constructs 

Construct Compliance (mmHg-1) 

Layered A 0.00029 

Layered B 0.00051 

 

Because the dimensions of the fabricated layered constructs are generally thicker than the 

optimum design, the resulting compliance that was found experimentally is less than the goal 

compliance. While construct A is thinner than B, counterintuitively it was found to be less 
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compliant.  Figure 15 shows that the cross section of this construct is oblong with non-uniform 

thickness.  Given the delicate nature of the constructs, it is probable that during the fabrication 

process construct A was damaged in handling, leading to the aforementioned discrepancy in 

predicted and experimental compliance.  On the other hand, construct B has a clean, round, more 

uniform cross-section.  Because construct B is 21% thicker than the construct designed by the 

optimization, it makes sense that the experimental compliance is less than the target compliance.  

To assess the predictive capability of the model, a simulation was performed using the predicted 

material properties of a 3.15 hour cross-linked construct and the true layer thickness of construct 

B that was measured using microscopy.  The results from this simulation indicate a compliance 

of 0.00061 mmHg-1, a percent relative difference of 16%.  

Discussion 
In summary, a method has been developed for optimizing the compliance of biopolymer based 

electrospun tissue engineered vascular grafts consisting of gelatin, fibrinogen, and tropoelastin.  The 

design variables are the thicknesses of the grafts as well as the length of crosslinking time.  

Constructs were built and mechanically tested to determine the material properties of grafts that 

crosslink for 2, 8, and 24 hours.  A response surface model is used during the optimization to predict 

the material properties of constructs for any crosslinking time between 2 and 24 hours.  The target 

compliance for the optimization was that of porcine LADC as our lab has previously performed 

mechanical testing on porcine specimens. 

 

For single layered constructs consisting of 80:20 gelatin:fibrinogen, it was predicted that a 258 μm 

thick construct with 8.1 hours of crosslinking would match the compliance of porcine LADC.  This 

corroborates the previous finding by our laboratory that an 8 hour crosslinked construct and LADC 

exhibit no statistical difference in compliance [4].   
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To more closely mimic the alternating layers of elastin and collagen seen in native vasculature, 

optimization was then performed on layered grafts of 66:33 tropoelastin:gelatin/fibrinogen and 80:20 

gelatin:fibrinogen.  The thickness of the constructs that were fabricated to match the optimized 

design varied from the optimum significantly enough to cause a difference between the 

experimentally determined compliance and the computationally predicted compliance.  For a 

construct with the layer thickness equal to that which was actually fabricated, the material property 

prediction and finite element simulation predicts a compliance of 0.00061 mmHg-1 whereas the actual 

construct tested had a compliance of 0.00051 mmHg-1.   

 

The present study is unique in the use of a computational approach to predict the compliance of 

non-synthetic grafts by altering the thickness of the graft as well as the length of crosslinking 

time via exposure to GLUT vapor.  Previous compliance matching work has been done by 

altering the chemistry of segmented polyurethanes and the microarchitecture of the electrospun 

mesh in synthetic grafts [3].  Additionally, Dargaville et al. modified the mechanical properties 

of gamma radiation crosslinked small diameter electrospun synthetic scaffolds spun with L-

lactide-co-trimethylene carbonate (LLA-TMC) fibers by using different percentages of TMC 

[20]. 

 

A limitation of this optimization routine is that the accuracy of the compliance matching is 

limited somewhat by the difficulty in electrospinning constructs of the exact desired thickness.  

The electrospinning process can produce layers within ±20μm from the goal thickness, which 

can lead to different material behavior than predicted.  Furthermore, the material properties of 

the constructs is known to be effected by the temperature and humidity of the electrospinning 
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chamber.  To reduce the impact of fabrication uncertainties, more samples should be tested both 

to improve the accuracy of the response surface model and to have a larger sample size for the 

validation of the optimization results. 

 

Future work on this project will involve fabricating and compliance matching constructs with 

smooth muscle cells (SMCs) embedded.  Previously, our laboratory has shown that smooth 

muscle cells can be grown on gelatin/fibrinogen fibers as used in the present study [21].  Seeded 

SMCs are likely to have a significant impact on the mechanical properties of the 

gelatin/fibrinogen constructs [4].  In the future it will be important to quantify this effect in order 

to more accurately predict the compliance of a construct in vivo.  It should be noted that although 

the present study optimizes the thickness and crosslinking time for gelatin/fibrinogen constructs, 

the flexibility of the computational approach presented here is broadly applicable to the 

optimization of a variety of fabrication challenges in tissue engineering. Computational 

prediction of compliance is a cost effective way to determine the ideal geometry and crosslinking 

time for constructs that will be used in animal trials.  During pre-clinical in vivo trials, this 

method can be used to aid in the fabrication of constructs that match the compliance of native 

vessel in the current specimen, and could eventually be applied to make patient specific 

compliance matched grafts based on information derived from imaging of the patient’s vessel.       
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