


 

 

where !!!is the longitudinal stress. Equations (6) and (7) were evaluated numerically by using 

Gaussian integration scheme(20). 

 

Constitutive relation 

The Cauchy stress tensor can be obtained as: 

! ! !!! ! !! !!
!!

!!      (8) 

where p is Lagrange multiplier, I is identity tensor, Ψ is strain energy function, and 𝐂 = 𝐅𝐓𝐅 is 

the right Cauchy-Green deformation tensor.  

 A structurally motivated strain-energy function considering four families of collagen fibers 

was used for the analysis of mechanical behavior of the arterial wall(52). 

𝛹 = !!
!
I! − 3 + !!!

!!!
!
!!! 𝑒𝑥𝑝 𝑘!! (𝜆!

! − 1)! − 1     (9) 

 In Equation (9) 𝐶! is a stress-like material parameter associated with elastin, 𝑘!!  and 𝑘!!  are 

material parameters associated with the kth fiber family. In this model one circumferential, one 

axial, and two symmetrically diagonal fiber families were considered. 𝐼! is the first invariant of 

the right Cauchy-Green tensor C, 𝜆!  is the stretch in the direction of the ith fiber family, 

determined by 

𝜆! = 𝜆!
!𝑠𝑖𝑛!𝛽! + 𝜆!

!𝑐𝑜𝑠!𝛽!    (10) 

where 𝛽 is the angle of the ith family with respect to the circumferential directional of the artery 

in load-free configuration.  

 

Parameter estimation 



 

 

 Eight unknown material parameters (𝐶! , 𝑘!!, 𝑘!!, 𝑘!!, 𝑘!!, 𝑘!
!,!, 𝑘!

!,!, 𝛽) were estimated by 

minimizing the difference between experimentally measured and calculated values of pressure 

and axial force based on Equations 6 and 7, in the form of following objective function(53): 

𝑒 = [ !!!!!

!! !

!
+ !!!!!

!! !

!
]!

!!!         (11) 

where N = 15 is the number of data points and 𝑝! , 𝐹!  are pressure and axial force from the 

model, 𝑝!, 𝐹!  are experimentally measured pressure and axial force. The objective function is 

minimized using the Nelder-Mead direct search method implemented in the fminsearch function 

in MATLAB. The material parameters from 5 samples were then averaged and used to calculate 

the circumferential stretch at each lamellar position. 

 

Data availability 

The data that support the findings of this study are available from the corresponding author on 
request. 
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Figure Captions: 

Figure 1. Multiphoton imaging while the artery undergoes mechanical loading. (A) Schematic of 

the experimental setup. A multiphoton microscope was used to image the elastic lamellar layers 

in a mouse carotid artery while the artery underwent biaxial extension-inflation. (B) Schematic 

of a carotid artery with intima, media, and adventitia layers. Horizontal slices represent the 

multiphoton imaging planes shown in (C-F). (C-F) Representative multiphoton images of a 

carotid artery. Gray: SHG from collage; green: fluorescence from elastin; scale bar: 100 𝜇m. (C) 

wavy collagen fibers in the adventitial layer. (D-F) Both adventitial collagen and medial elastin 

are visible. (G): Schematic of an elastic lamella that is wavy in both circumferential and 

longitudinal directions. The green wavy lines in (G) represent slices of elastic lamella appearing 

in the multiphoton images.  

Figure 2. 3D reconstruction of elastic lamellae and imaging analysis. (A) The original z-stack 

multiphoton images were resliced along the longitudinal direction (Y-axis) to show the 

transverse cross-sectional view of the elastic lamellae. An image processing algorithm was 

performed to reconstruct the lamellar layers and consisted primarily of (B) extraction of seed 

points and (C) line tracking from the seed points to identify the three layers. (D) Representative 

image of a reconstructed elastic lamella. 

Figure 3. Microstructural quantification of elastic lamellae during tissue deformation. (A) 

Reconstructed transverse cross-sectional images revealing elastic lamellar layers L1, L2, and L3 

(with L1 being the outermost layer) in the arterial wall at 0, 30, 60, and 90 mmHg. The axial 

stretch was 1. Scale bar: 50 𝜇m. (B) Schematic of the three elastic lamellar layers in the arterial 

wall. The inter-lamellar distance and the straightness parameter  𝑃!, which is the ratio of arc 

length 𝐿! to contour length  𝐿!, are also defined. (C) Straightness parameter as a function of 



 

 

pressure for the three lamellar layers. (D) Unfolding of elastic lamellar layers in a mouse carotid 

artery when pressure increases from 0 to 120 mmHg at an axial stretch of 1.6. 

Figure 4. Inter-lamellar distance during mechanical loading. Inter-lamellar distance as a function 

of (A) pressure when carotid arteries were subjected to an axial stretch of 1.6, and (B) axial 

stretch when pressure was maintained at 90 mmHg. d1 and d2 are the distances between layer L1 

and L2, and layer L2 and L3, respectively. 

Figure 5. Tissue-level deformation and its relation to micromechanics. (A) Transmural 

circumferential stretch distribution in the arterial wall from modeling at 1.6 axial stretch and 120 

mmHg pressure. Markers show the tissue circumferential stretch at the position of lamellar layers 

L1, L2, and L3. (B) Tissue circumferential stretch as a function of pressure at the position of 

lamellar layers L1, L2, and L3. (C) Lamellar stretching as a function of pressure, determined 

from the tissue level deformation (Fig. 5B) and lamellar unfolding (Fig. 3D), was equivalent in 

all layers. 

Figure 6. The role of micromechanics of elastic lamellae in arterial tissue mechanics. (A) 

Schematic of an elastin lamella undergoing unfolding and stretching when the arterial wall is 

pressurized. The multiphoton imaging data allowed us to quantify the lamellar unfolding λf, 

however stretching of the elastic lamella λs cannot be measured and was calculated using 

Equation (1). (B) Stretching of the lamellae occurs at the onset of pressurization and is a main 

contributor to the overall tissue deformation. (C) The primary role of lamellar unfolding is to 

make uniform the stretching of elastic lamellae through the arterial wall, while tissue 

deformation is not uniform.   
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Table S1. Summary of model parameters and root-mean-square error (RMSE) for all five carotid 

arteries obtained by fitting the pressure (Equation (5)) and axial force (Equation (6)) from the 

model and experimentally measured data based on least square fit in Equation (10). Average 

model parameters were calculated and used for stress analysis in the thick-wall model, from 

which the tissue circumferential stretch was calculated.  

 

Sample 
number 

𝑪𝒆 𝒌𝟏𝟏 𝒌𝟐𝟏 𝜷 𝒌𝟏𝟐 𝒌𝟐𝟐 𝒌𝟏
𝟑,  𝟒 𝒌𝟐

𝟑,𝟒 RMSE 

1 13.69   1.77   0.48   39.42   6.39   4.39×10!! 4.63 3.75×10!! 0.08 
2 15.66   0.29   0.88   40.75   8.33   1.91×10!! 5.06 1.03×10!! 0.11 
3 15.62   0.40   0.82   46.32   6.87   1.55×10!! 5.29 8.58×10!! 0.09 
4 19.57   0.32   0.73   39.83   11.84   9.69×10!! 7.03 9.52×10!! 0.06 
5 11.26   0.84   0.51   42.45   9.07   1.60×10!! 6.51 1.64×10!! 0.10 
Mean 16.13   0.70   0.73   41.58   8.36   2.20×10!! 5.50 8.03×10!! 0.09 
SD 3.06   0.63   0.18   2.80   2.16   1.59×10!!   1.02 4.52×10!! 0.02 

  



 

 

 

 

Figure S1. A: Outer diameter vs. pressure, and B: axial force vs. pressure for all five mouse 

carotid arteries from pressure-diameter test (open symbols) and from modeling (solid lines). 

Carotid arteries were subjected to 1.6 axial stretch while being pressurized from 0-140 mmHg. 

The thicker solid lines represent the modeling prediction using the average material parameters 

from Table S1. 
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