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A B S T R A C T   

Mechanotransduction, the encoding of local mechanical stresses and strains at sensory endings into neural action 
potentials at the viscera, plays a critical role in evoking visceral pain, e.g., in the distal colon and rectum (col
orectum). The wall of the colorectum is structurally heterogeneous, including two major composites: the inner 
consists of muscular and submucosal layers, and the outer consists of circular muscular, intermuscular, longi
tudinal muscular, and serosal layers. In fact the colorectum presents biomechanical heterogenity across both the 
longitudinal and through-thickness directions thus highlighting the differential roles of sensory nerve endings 
within different regions of the colorectum in visceral mechanotransduction. We determined constitutive models 
and model parameters for individual layers of the colorectum from three longitudinal locations (colonic, in
termediate, and distal) using nonlinear optimization to fit our experimental results from biaxial extension tests 
on layer-separated colorectal tissues (mouse model, 7 × 7 mm2, Siri et al., Am. J. Physiol. Gastrointest. Liver 
Physiol. 316, G473-G481 and 317, G349-G358), and quantified the thicknesses of the layers. In this study we also 
quantified the residual stretches stemming from separating colorectal specimens into inner and outer composites 
and we completed new pressure-diameter mechanical testing to provide an additional validation case. We 
implemented the constitutive equations and created two-layered, 3-D finite element models using FEBio (Uni
versity of Utah), and incorporated the residual stretches. We validated the modeling framework by comparing 
FE-predicted results for both biaxial extension testing of bulk specimens of colorectum and pressure-diameter 
testing of bulk segments against corresponding experimental results independent of those used in our model 
fitting. We present the first theoretical framework to simulate the biomechanics of distal colorectum, including 
both longitudinal and through-thickness heterogeneity, based on constitutive modeling of biaxial extension tests 
of colon tissues from mice. Our constitutive models and modeling framework facilitate analyses of both 
fundamental questions (e.g., the impact of organ/tissue biomechanics on mechanotransduction of the sensory 
nerve endings, structure-function relationships, and growth and remodeling in health and disease) and specific 
applications (e.g., device design, minimally invasive surgery, and biomedical research).   

1. Introduction 

Visceral pain is the cardinal complaint of patients with irritable 
bowel syndrome (IBS), a condition that affects over 15% of the U.S. 
population (Cervero and Laird, 1999). Visceral pain registers in the 
brain but usually initiates from sensory nerve endings embedded in 
visceral organs. IBS-related visceral pain originates from the distal colon 
and rectum (colorectum). Unlike sensory endings at the skin that encode 
various stimuli (e.g., thermal, mechanical, chemical), visceral sensory 
endings bias heavily towards encoding of mechanical stimuli, in fact 

70–80% of all colorectal sensory endings are mechanosensitive (Pasri
cha et al., 2006; Zhao et al., 2019). Correspondingly, clinical evidence 
indicates that it is mechanical distension and cramping of hollowing 
visceral organs, not even burning or inflammation, that reliably evokes 
pain from the viscera (Clarke et al., 2009; Camilleri et al., 2017). 

Mechanotransduction, the encoding of local mechanical stresses and 
strains at sensory endings into neural action potentials at the viscera, 
plays a critical role in evoking visceral pain. The wall of the colorectum 
is structurally heterogeneous, including two major composites. The 
inner composite consists of muscular and submucosal layers, and the 
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outer composite consists of circular muscular, intermuscular, longitu
dinal muscular, and serosal layers. The two composites are loosely 
connected at an interstitial space between the submucosa and circular 
muscular layers. The intra-tissue biomechanics of visceral organs govern 
the relationship between macroscopic mechanical organ stimuli and 
local mechanical stresses and strains at sensory endings, knowledge of 
which may further advance our mechanistic understanding of visceral 
mechanotransduction and visceral pain in patients (Feng and Gebhart, 
2010; Feng et al., 2012, 2013). 

Knowledge of the biomechanics of the distal gastrointestinal tract is 
limited, in sharp contrast to the plethora of data regarding the neuro
physiology of visceral sensory nerve endings embedded the colorectum 
(Feng and Gebhart, 2010, 2015; Feng et al., 2010, 2015, 2013; Kiyatkin 
et al., 2013). Previous researchers quantified the biomechanical prop
erties of human colonic tissues (Watters et al., 1985b; Egorov et al., 
2002; Howes and Hardy, 2012; Massalou et al., 2016), as well as colonic 
tissues derived from animal models used as surrogates (Jiminez et al., 
2015) including goats (Higa et al., 2007), pigs (Qiao et al., 2005; Carniel 
et al., 2014, 2015; Patel et al., 2018; Puértolas et al., 2020), and mice 
(Watters et al., 1985a; Sokolis and Sassani, 2013; Gong et al., 2017; Siri 
et al., 2019a, b). These studies, using various mechanical tests in ten
sion, compression, and shear, identified colon tissues as both nonlinear 
and anisotropic under large strains. 

Constitutive models for colon tissues are rare, particularly those 
motivated by, and calibrated and validated with, experimental results. 
Ciarletta et al. (2009) applied a hyperelastic constitutive model to fit the 
passive mechanical responses of porcine intestine. They decoupled their 
strain-energy function into isotropic and anisotropic contributions, the 
later describing four exponentially stiffening families of fibers (longi
tudinally and circumferentially aligned muscle, and two diagonally and 
symmetrically aligned collagen), cf. Ferruzzi et al. (2011). This model, 
fitted to uniaxial tension and shear tests of porcine intestine, accurately 
reproduced the mechanical measurements and demonstrated clearly the 
fundamental mechanical role of collagen architecture in the passive 
biomechanics of intestinal walls. Sokolis and Sassani (2013) fitted a 
range of hyperelastic constitutive models to passive mechanical data 
generated from tubular specimens of ascending, mid, and descending 
colons, and rectums of rats. A model including the neo-Hookean plus 
three families of exponentially stiffening fibers (two diagonally sym
metric plus one axial) accurately fitted the multiaxial response of the 
intestinal wall and did not suffer from problems with over parameteri
zation. Therein, the mid colon region was the stiffest, consistent with its 
higher collagen content relative to the distal regions. 

More recently, Patel et al. (2018) proposed a constitutive model for 
the passive mechanical behavior of swine colon, and accounted for re
sidual strains based on measurements of the opening angle. They again 
used an additive decomposition of the strain-energy function into 
isotropic and anisotropic contributions, the later describing four expo
nentially stiffening families of fibers (perfectly aligned longitudinally 
and circumferentially, and two dispersed families principally aligned 
diagonally and symmetrically, cf. Gasser et al. (2006). This model 
accurately captured the passive inflation-extension of both spiral and 
descending colon of swine, and revealed that the submucosa layer 
carries the passive circumferential load, not the circumferential muscle 
layer. Puértolas et al. (2020) measured the biomechanical responses of 
colonic tissues using biaxial extension tests of porcine colon from several 
longitudinal locations. They fitted these data using both discrete-fiber 
(with two to four families of fibers) and ODF-based (Microfiber von 
Mises Model (MFM) model and Microfiber Bingham Model (MFB)) 
constitutive models. The two ODF-based constitutive models both 
required five parameters, and of these the MFM model showed better 
predictive power. While all models fit the mechanical data reasonably 
well, the discrete four-fiber-family model presented the best predictive 
capability overall. 

Toward understanding the impact of organ/tissue biomechanics on 
mechanotransduction of the sensory nerve endings in the colon and 

rectum (Feng et al., 2015), we recently performed biaxial extension tests 
on specimens of colorectum from mice, which including both the bulk 
composite (Siri et al., 2019a) and the layer-separated inner and outer 
composites individually (Siri et al., 2019b). Our results indicated strong 
mechanical heterogeneity both in the longitudinal direction (i.e., dif
ferences among colonic, intermediate, and rectal segments) and through 
the wall-thickness (i.e., between the inner and outer composites). To 
quantify the residual stretches we also determined the so called ‘open
ing-angles’ for bulk composite tissue. 

We also probed the micromechanics of the colorectum by imaging 
the network of collagen fibers through the thickness of the wall. By 
analyzing through-thickness images acquired with second-harmonic 
generation (SHG) confocal microscopy we quantified the principal 
orientation of collagen (and muscle) fibers throughout the colorectum. 
Our results reveal a concentrated fiber network in the submucosa, 
consisting of two families of aligned fibers oriented approximately ±

60% from the circumferential direction (Siri et al., 2019a). Our recent 
experimental data on the macro- and micro-mechanics of the colorectum 
strongly indicates that the submucosa functions as the primary 
loading-bearing structure of the colorectum. 

In this study we aimed to leverage our experimental evidence to 
establish, calibrate, and validate constitutive models to reproduce and 
predict the heterogeneous biomechanics of the colorectum and better 
predict intra-tissue distributions of strains and stresses. We determined 
the model parameters for individual layers of the colorectum using 
nonlinear optimization to fit our experimental results from biaxial 
extension tests on layer-separated colorectal tissues (mouse model, 7 ×

7 mm2), and quantified the residual stretches. We implemented the 
constitutive equations and created two-layered, 3-D finite element (FE) 
models using FEBio (University of Utah), and incorporated the residual 
stretches. We validated the modeling framework by comparing FE- 
predicted results for both biaxial extension testing of bulk specimens 
of colorectum and pressure-diameter testing of bulk segments against 
corresponding experimental results independent of those used in our 
model fitting. Such constitutive models, applied to FE analyses of the 
intra-tissue biomechanics of the colorectum, will complement our 
knowledge of visceral afferent neurophysiology to synergistically 
advance our mechanistic understanding of visceral 
mechanotransduction. 

2. Materials and methods 

2.1. Experimental evidence on the colorectum 

We recently completed and published biaxial extension mechanical 
testing on both bulk and layer-separated colorectal tissues, as well as 
imaging via second harmonic generation (SHG) to quantify the thick
nesses of the layers and the microstructure (Siri et al., 2019a, b). In this 
study we also quantified the residual stretches stemming from sepa
rating colorectal specimens into inner and outer composites and we 
completed new pressure-diameter mechanical testing to provide an 
additional validation case for our modeling framework. All experiments 
use the same mouse model, mice of 8–16 weeks in age and 20–30 g in 
weight (C57BL/6, Taconic, Germantown, NY). 

2.1.1. Biaxial extension testing of bulk composite and separated layers 
We recently performed biaxial extension tests on square specimens 

(7 × 7 mm2) harvested from multiple locations along the colorectum 
(colonic, intermediate, and rectal) and tested these as both the bulk 
composite (the whole wall) and the layer-separated inner and outer 
composites (Siri et al., 2019a, b). Briefly, following Siri et al. (2019a), 
we harvested the distal 30 mm of the colorectum from a cohort of mice, 
divided evenly into three 10-mm-long segments (colonic, intermediate, 
and rectal), and conducted biaxial extension tests for each bulk com
posite segment. Briefly, following (Siri et al., 2019b), we harvested the 
distal 30 mm of the colorectum from a different cohort of mice and 
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dissected this tissue into inner and outer composite layers. The inner 
composite included the mucosa and submucosa, whereas the outer 
composite included the muscular layers and serosa. We divided each 
composite axially into three 10-mm-long segments and conducted 
biaxial extension tests for each inner and outer composite segment. Our 
results revealed that the stiffness of the inner composite in the longi
tudial (axial) direction is approximately twice that in the circumferential 
direction. Analyzing these data we determined the biaxial Cauchy 
stress-stretch behavior for both the bulk composite and the 
layer-separated inner and outer composites from colonic, intermediate, 
and rectal locations along the colorectum. 

2.1.2. SHG imaging of specific layers 
We recently determined, by nonlinear imaging via SHG, both the 

layer thicknesses for each distinct layer across the thickness of the 
colorectal wall and the principal orientations of collagen or muscle fi
bers (Siri et al., 2019a, b). We report the thicknesses of the inner and 
outer composite layers of the colorectum segments in the load-free, 
reference configuration as Means ± Standard Deviations (M±SD) in 
Table 1. 

The thickness of the submucosa measured by SHG showed no dif
ference from proximal to distal colorectum in the load-free reference 
configuration, which likely contributes to the comparable stiffness of the 
inner composite along the colorectum. Furthermore, the serosa in the 
outer composite showed a membrane-like thin structure unlikely to 
make significant contributions to the overall mechanical stiffness of the 
bulk composite colorectum. 

Our SHG results also revealed a rich collagen network in the sub
mucosa often oriented approximately ±60∘ to the circumferential di
rection, consistent with results from the biaxial extension test presenting 
approximately twice the stiffness in longitudinal direction versus the 
circumferential direction. 

2.1.3. Quantifying layer-separated residual deformations 
To quantify the layer-separated residual deformations we harvested 

the distal 30 mm of the colorectum from 11 mice following a procedure 
detailed previously (Siri et al., 2019a, b). We then divided these speci
mens evenly into three 10-mm-long segments (colonic, intermediate, 
and rectal), and harvested square specimens (7 × 7 mm2) from each of 
the three segments. We then carefully separated each specimen into 
inner and outer composites by fine blunt dissection using the interstitial 
space below the submucosa. Finally, we measured the dimensions of the 
separated composites using a caliper, and determined the mean ± the 
standard deviation of the circumferential lengths. 

2.1.4. Pressure-diameter testing of bulk composite 
We performed a pressure-diameter tests on bulk (intact) tubular 

segments of colorectum. We harvested the distal 30 mm of the color
ectum from four mice following a procedure detailed previously (Siri 
et al., 2019a, b). We cannulated each specimen within a custom-built 
chamber and in a bath of phosphate-buffered saline including nifedi
pine (4 μM; L-type calcium channel antagonist to block muscle activ
ities), penicillin-streptomycin (100 U/ml), and protease inhibitors 
(P-2714, Sigma-Aldrich, St. Louis, MO). We then varied the intraluminal 
pressure from 10 to 100 mmHg (1.33–13.3 kPa) using a syringe pump 
(NE-1000, New Era Pump Systems, Farmingdale, NY) connected to the 

proximal end of the colon. We recorded images of the lateral expansion 
of the tubular segment using a stereo-camera system with two 
five-megapixel cameras (Manta G-505, Allied Vision, Stadtroda, DE) for 
subsequent analyses. Finally, we measured the outer diameter of the 
colon within the colonic, intermediate, and rectal segments as a function 
of pressure using ImageJ (National Institutes of Health, Bethesda, MD), 
and determined the mean ± the standard deviation of the outer 
diameter. 

2.2. Constitutive modeling and model fitting 

We described the colorectum as a multi-layered, soft elastic contin
uum deforming such that the deformation gradient is F. We used a 
multiplicative split of the strain-energy function Ψ into volumetric and 
isochoric contributions as Ψ = U(J) + Ψ, where U(J) = κ(J − 1)

2
/2, J =

detF (the Jacobian of the deformation gradient), and κ is a nonphysical, 
positive penalty parameter used to enforce near incompressibility. We 
also used the multiplicative decomposition F = J−1/3F, and similarly the 
isochoric right Cauchy-Green tensor C = J−2/3C, where C = FTF. 

To model the individual mechanical responses of the inner and outer 
composites of colorectum wall we specify Ψ as 

Ψ = ΨIM + ΨFN, (1)  

where we specified ΨIM as an isotropic (neo-Hookean) matrix 

ΨIM

(

I1

)

= μ
(

I1 − 3
)/

2, where μ > 0 is a stress-like material param

eter (corresponding to the shear modulus of the underlying matrix ma
terial in the reference configuration), I1 = trC is the first invariant of C, 
and we specify ΨFN, the contribution from the fiber network, as (Hol
zapfel et al., 2014; Pierce et al., 2016) 

ΨFN =

∫

Ω

ρ(M)
k1

2k2

(

exp
[

k2

(
I4 − 1

)2
]

− 1
)

H

(
I4 − 1

)
dΩ (2)  

where k1 > 0 is a stress-like material parameter, k2 > 0 is a dimen
sionless parameter, I4 = M⋅CM is the isochoric fourth pseudo-invariant 
of M (the reference angular orientation of a single fiber), and H is a 

Heaviside function evaluated at 
(

I4 − 1
)

, i.e., the collagen fibers do not 

support compression. Finally, ρ(M) is an orientation distribution func
tion (ODF) characterizing the angular density of the fiber network with 
1/4

∫

Ω
ρ(M)dΩ = 1, where Ω = M ∈ R3 : |M| = 1 is the unit sphere. 

We specify ρ(M) in a form inspired by, and measurable with, diffu
sion tensor magnetic resonance imaging (DT-MRI) which determines a 
second-order, symmetric, positive-definite tensor D. Given the diffusion 
tensor 

D =

⎡

⎣
Dθθ Dθz Dθr
Dθz Dzz Dzr
Dθr Dzr Drr

⎤

⎦, (3)  

where θ, z, and r are the local circumferential, longitudinal, and radial 
directions within the colorectum. The ODF then follows as (Pierce et al., 
2016) 

ρ(M, D) =
1

⃒
⃒
⃒D

⃒
⃒
⃒

1/2(
MTD−1M

)3/2
. (4) 

See appendix A for more details. 
To capture the kinematics of the biaxial extension test, and 

neglecting shear deformations, we wrote the invariants I1 = trC and I4 =

M⋅CM in terms of the stretches in the biaxial extension test, i.e., as 

I1 = λ2
θ + λ2

z + λ2
r , (5) 

Table 1 
Measurements of the thicknesses of the inner and outer composite layers of 
segments of the colorectum (M ± SD), cf. Siri et al. (2019b).  

Segment Inner (μm) Outer (μm) 

Colonic (n = 8)  87.16±28.68  48.88±25.31  
Intermediate (n = 7)  107.17±26.40  45.57±17.96  
Rectal (n = 7)  113.28±20.18  79.43±34.33   
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and 

I4 = λ2
θcos2α + λ2

z sin2α, (6)  

where λθ and λz are the measured stretches in the circumferential and 
longitudinal directions respectively, λr = λ−1

θ λ−1
z (considering incom

pressibility), and α is the angle between the principal fiber orientation 
and the circumferential direction such that Dθθ = cosα, Dzz = sinα, and 
Drr = Dθz = Dzr = Dθr = 0 in (3). Considering the Cauchy stresses in the 
circumferential and longitudinal directions respectively as σθθ =

λθ(∂Ψ /∂λθ), and σzz = λz(∂Ψ /∂λz), and by enforcing incompressibility 
(λθλzλr = 1), we expressed these Cauchy stresses as 

σθθ = 2
(
λ2

θ + λ−2
θ λ−2

z

)
Ψ1 + 2λ2

θcos2αΨ4, (7)  

and 

σzz = 2
(
λ2

z + λ−2
θ λ−2

z

)
Ψ1 + 2λ2

z sin2αΨ4, (8)  

where Ψi = ∂Ψ/∂Ii, i = (1, 4). 
We simultaneously fit the experimental data for each layer-separated 

specimen at each location (Section 2.1.1) with the constitutive model, 
(1)–(4), using the optimisation toolbox ‘lsqnonlin’ in MATLAB (V2019, 
Mathworks, MA). Consequently, we obtained four model parameters (μ, 
k1, k2, α) from each fitting. 

2.3. Validating the model 

We systematically validated the predictive power of our constitutive 
models by comparing results from FE analyses of (a) biaxial extension 
tests of the reconstructed bulk composite (7 × 7 mm2) and (b) pressure- 
diameter tests of the intact (tubular) colorectum, both shown in Fig. 1, 
against corresponding, independent experimental measurements. 

In both FE analyses we specified the layer thicknesses at each lon
gitudinal location based on Table 1 and we incorporated residual 
stretches/stresses based on Table 2, and implemented the latter using 
the prestrain algorithm implemented within FEBio (R2.8.5, University 
of Utah, UT) (Maas et al., 2012). We complete all simulations in using 
FEBio. 

2.3.1. Biaxial extension testing of bulk composite 
To simulate the biaxial extension tests, we modeled bulk composite 

specimens of colorectum as two-layered, residually stressed square 

patches. Exploiting symmetry boundary conditions we established a 
two-layered square patch of colorectal tissue (3.5 × 3.5 mm2) which we 
meshed using 2000 hexahedral elements, see Fig. 1(a). To model the 
biaxial extension tests, we linearly increased the circumferential and 
longitudinal (axial) displacements simultaneously. 

2.3.2. Pressure-diameter testing of bulk composite 
To simulate colorectal distensions, we modeled intact (bulk com

posite) colorectums as two-layered, residually stressed tubular seg
ments. We applied symmetry boundary conditions on both faces of the 
model normal to the longitudinal direction, fixed to radial rows of nodes 
normal to the radial direction (preventing rigid-body rotations, see 
Fig. 1(b)), and stretched the model axially by 30%, consistent with the 
experiment ex vivo. Exploiting plane-strain conditions we established 
segments of intact, two-layered colorectums which we meshed using 
1024 hexahedral elements, see Fig. 1(b). To model the ex vivo pressure- 
diameter tests we linearly increased the intraluminal pressure from 0 to 
100 mmHg. 

3. Results 

3.1. Experimental evidence on the colorectum 

3.1.1. Quantifying layer-separated residual deformations 
We present the composite (reference) and separated (current 

configuration) circumferential lengths as Means ± Standard Deviations 
(M±SD) in Table 2. 

3.1.2. Pressure-diameter testing of bulk composite 
We present the outer diameters of four bulk-composite tubular 

specimens of colorectum as a function internal pressure as Means ±

Standard Deviations (M±SD) in Table 3. 

3.2. Constitutive modeling and model fitting 

We analyzed data from colonic (n = 10), intermediate (n = 11), and 
rectal (n = 11) specimens of colorectum each separated into inner and 
outer composite layers. Thus, we fitted the constitutive model ((1)–(4)) 
to stress-stretch data from 64 individual biaxial extension tests. Fig. 2 
presents the results of our model fittings against the layer-separated 
experimental data. 

In the legend of Fig. 2 (and Figs. 3 and 4) EXP, FEA, C, and A are 
abbreviations for experiment, finite element analyses, and the 

Fig. 1. Finite element analyses used for validation: (a) biaxial extension test of 
the bulk composite (two-layered) coloretum and (b) pressure-diameter test of 
the intact (tubular) colorectum. 

Table 2 
Measurements of the circumferential length after layer-separation of the color
ectum segments (M ± SD).  

Segment Bulk (mm) Inner (mm) Outer (mm) 

Colonic (n = 10)  7.000 7.123±0.028  6.832±0.051  
Intermediate (n = 11)  7.000 7.145±0.025  6.792±0.054  
Rectal (n = 11)  7.000 7.135±0.029  6.684±0.049   

Table 3 
Measurements of the outer diameters of four bulk-composite tubular specimens 
of colorectum as a function internal pressure during pressure-diameter testing 
(M ± SD).  

Pressure 
(mmHg) 

Specimen 1 
(mm) 

Specimen 2 
(mm) 

Specimen 3 
(mm) 

Specimen 4 
(mm) 

10 3.911±0.041  3.504±0.034  3.237±0.060  2.599±0.024  
25 4.603±0.043  4.293±0.070  4.001±0.033  3.042±0.051  
50 4.920±0.022  4.724±0.064  4.405±0.041  3.303±0.073  
75 5.061±0.050  4.870±0.062  4.551±0.044  3.448±0.054  
100 5.164±0.061  4.952±0.031  4.652±0.051  3.531±0.041   
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circumferential and axial (longitudinal) directions, respectively. 
Table 4 summarizes the resulting averaged model parameters for 

each test population (colonic, intermediate, or rectal; inner or outer) as 
Mean±Standard Deviation (M±SD). 

In Appendix B, Table B.8 and Table B.12, we present the results of 
our model fitting for each specimen (inner and outer composite, 
respectively) for each longitudinal location (colonic, intermediate, and 
rectal). 

3.3. Validating the model 

3.3.1. Biaxial extension testing of bulk composite 
Fig. 3 presents the simulated biaxial extension tests (FE model of the 

reconstructed bulk composite specimen using the mean model param
eters, cf. Table 4) against the mean experimental results (noted as 
EXP_AVE) for the bulk composite colorectum quantified independently 
(Siri et al., 2019a). 

3.3.2. Pressure-diameter testing of bulk composite 
Fig. 4 presents the simulated outer diameter-pressure responses (FE 

model of the reconstructed bulk composite segments using the mean 
model parameters, cf. Table 4) against corresponding, independent 
experimental results from four individual tests of intact colorectums. 

4. Discussion 

4.1. Experimental evidence on the colorectum 

We observed that when separating the bulk composite tissues into 
inner and outer composites the latter two changed their circumferential 
lengths. To support our modeling, we quantified these residual stretches; 
in the circumferential direction these are compressive in the inner 
composite and tensile in the outer composite. 

To aid in validating our constitutive models and modeling frame
work we performed new pressure-diameter tests on bulk (intact) tubular 
segments of colorectum. Each of the four specimens tested had different 
diameters under internal pressures of 10 mmHg, but followed similar 
nonlinear pressure-diameter responses under increasing internal 
pressures. 

4.2. Constitutive modeling and model fitting 

We present the first theoretical framework to simulate the biome
chanics of distal colorectum, including both longitudinal and through- 
thickness heterogeneity, based on constitutive modeling of biaxial 
extension tests of colon tissues from mice. We fitted our constitutive 
model to our recent data generated from biaxial extension tests on layer- 
separated (inner mucosal-submucosal composite and outer muscular- 

Fig. 2. (a) Schematic diagram of the biaxial extension tests performed on three locations of layer-separated inner and outer composite colorectum. (b)–(g) 
Experimental data (red and blue circles) with corresponding model predictions (solid and dashed curves) for colonic ((b),(e)), intermediate ((c),(f)), and rectal ((d), 
(g)) colorectum undergoing biaxial extension for inner ((b)–(d)) and outer ((e)–(g)) composite layers. EXP = EXPeriment, FEA = Finite Element Analyses, C =

Circumferential, and A = Axial. 
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serosal composite) specimens from three longitudinal locations (colonic, 
intermediate, and distal), cf. (Siri et al., 2019a, b). To support our 
modeling, we measured the change in circumferential lengths when 
separating bulk composite specimens (reference configurations) into 
inner and outer composites (current configurations). Incorporating 

these mechanical data, and data on both the thickness of the layers and 
the principal orientations of the collagen fibers acquired via imaging 
with SHG, we modeled the wall of the colorectum as a two-layered, 
residually stressed structure via FE analyses and independently veri
fied the predictive power of our framework in biaxial extension and 

Fig. 3. (a) Schematic diagram of the biaxial extension tests performed on three locations of bulk composite colorectum. (b)–(d) Mean experimental data (red and 
blue squares, plus error bars for standard deviation) with corresponding model predictions (solid and dashed curves) for colonic (b), intermediate (c), and rectal (d) 
bulk composite specimens of colorectum undergoing biaxial extensions. EXP = EXPeriment, AVE = Mean, FEA = Finite Element Analyses, C = Circumferential, and 
A = Axial. 

Fig. 4. (a) Schematic diagram of the pressure-diameter test tests performed on four individual segments of bulk composite colorectum. (b) Experimental data (multi- 
colored squares) with corresponding model predictions (solid curves) for four bulk composite segments of colorectum undergoing pressure-diameter tests. EXP =
EXPeriment and FEA = Finite Element Analyses. 

Table 4 
Model parameters (M ± SD) for the anisotropic, separated layers of inner and outer composites of colorectum.  

Segment μ (kPa) k1 (kPa)  k2 (−)  α (−) R2 (−)  

Inner Colonic (n = 10)  31.58±11.38  230.6±92.51  95.07±89.47  55.98±9.915  0.9380±0.0204  
Inner Intermediate (n = 11)  15.95±6.390  119.2±57.82  35.49±15.63  51.14±5.187  0.9496±0.0246  
Inner Rectal (n = 11)  14.53±6.350  95.21±39.42  31.73±12.73  62.07±14.64  0.9430±0.0253  
Outer Colonic (n = 10)  83.10±21.80  573.9±142.4  69.75±39.61  47.58±1.128  0.9436±0.0233  
Outer Intermediate (n = 11)  39.19±19.98  223.1±63.17  37.22±23.56  49.51±7.137  0.9488±0.0301  
Outer Rectal (n = 11)  8.238±3.500  44.32±13.93  35.80±27.96  52.98±10.16  0.9419±0.0271   

Y. Zhao et al.                                                                                                                                                                                                                                    



Journal of the Mechanical Behavior of Biomedical Materials 113 (2021) 104127

7

pressure-diameter tests. 
We used the angle α, defined as the principal orientation of fiber 

reinforcement with respect to the circumferential direction and imple
mented to compute the diffusion tensor, as a fitting parameter. In future 
applications of the constitutive model these diffusion tensors could be 
directly measured and implemented into FE models. For both the inner 
and outer composite, our results present stiffer mechanical properties in 
the longitudinal versus circumferential directions which implies fiber 
alignments preferentially in the longitudinal versus circumferential di
rections (Siri et al., 2019b). Our fitting results for α indicate varying 
anisotropy from the proximal colonic to the distal rectal locations where 
the rectal segment shows the greatest longitudinal stiffness, with α = ±

62.07 ± 14.64∘ for the inner rectal and α = ±52.98 ± 10.16∘ for the 
outer rectal segments. The fitted values of α agree well with our inde
pendent results determined by nonlinear imaging via SHG where we 
estimate that α ∼ ±60∘) (Siri et al., 2019a). 

We employed a constitutive model based on an ODF to maintain 
generality for possible assimilation of imaging data in the future. We 
specified the ODF via a symmetric, positive-definite diffusion tensor 
which determines the local 3-D orientation distribution of the fiber 
network (Basser et al., 1994; Pierce et al., 2016). The constitutive model, 
and fitted model parameters, reliably reproduce the results from me
chanical tests with the correlation coefficients R2 ∼ 0.94 − 0.95, cf. 
Table 4. 

Constitutive models for colon tissues are relatively rare, but include 
Bellini et al. (2011); Sokolis and Sassani (2013); Carniel et al. (2014, 
2015); Puértolas et al. (2020). In particular, Puértolas et al. (2020) 
provides a nice comparison of five different fiber-reinforced, large strain 
constitutive models by investigating their ability to fit experimental data 
from biaxial extension tests on specimens of bulk colon from pigs. Our 
constitutive model and modeling framework advances the field by 
addressing through-thickness mechanical heterogeneity (of different 
tissue layers), incorporating the orientation of collagen fibers deter
mined via imaging experiments, and incorporating residual stretch
es/stresses quantified by separating the tissue layers. We based our 
calibration on data from layer-separated biaxial extension tests, and 
validated our model using independent data from bulk composite biaxial 
extension tests and pressure-diameters tests. These two experiments 
provide loading conditions that mimic those in vivo, cf. Shahzad et al. 
(2015), Puértolas et al. (2020), as opposed to computational models 
calibrated using data from uniaxial extension tests (Carniel et al., 2014). 

4.3. Validating the model 

We validated our constitutive models and modeling framework with 
two FE simulations and successfully predicted independent experi
mental data from both biaxial extension tests of intact colorectal spec
imens and pressure-diameter tests from segments of tubular 
colorectums. These validations also indicate that the potentially 
damaging effects of mechanically separating the layers are negligible, i. 
e., we can separate, test mechanically, and model the separated layers, 
and use these data to create a layered mechanical model that’s able to 
reproduce the bulk response in two loading modes. 

4.3.1. Biaxial extension testing of bulk composite 
We reconstructed the bulk colorectum specimens from colonic, in

termediate, and rectal locations numerically, including the deformations 
that capture the intra-tissue residual stresses. Our predictions of the 
biaxial extension tests for the three longitudinal locations agree well 
with the averaged experimental data collected from an independent 
cohort of bulk (intact) specimens, see Fig. 3. Our results again indicate 
strong mechanical heterogeneity with decreased longitudinal and 

circumferential stiffness from the colonic to the rectal locations. 

4.3.2. Pressure-diameter testing of bulk composite 
There was no statistically significant difference in the FE-predicted 

pressure-diameter responses from segments of tubular colorectums 
from different longitudinal locations (colonic, intermediate, and rectal) 
despite the clear longitudinal heterogeneity in the biomechanical 
properties (model parameters) of the mouse colons. The nearly constant 
pressure-diameter responses primarily result from the changing wall 
thicknesses (inner and outer composite layers) along the longitudinal 
direction. Applying the experimentally determined wall thicknesses and 
our fitted constitutive models (both for the inner and outer composite 
layers), our predictions of pressure-diameter tests representing different 
longitudinal segments agree well with the experimental data collected 
from four independent tests, see Fig. 4. 

4.4. Limitations and outlook 

We acknowledge several limitations of our study. We assumed ho
mogeneous mechanical properties for the inner and outer composite 
layers which are themselves heterogeneous through the thickness. 
Perhaps additional imaging data, e.g., SHG data, could better inform 
future attempts at modeling the serosal, muscular, mucosal, and sub
mucosal layers separately. Refinements in the mechanical testings may 
also facilitate better understanding of the layer-specific contributions to 
the bulk (intact) mechanical behavior of the colon tissues. 

We hope to improve FE analyses of colorectum by establishing 
constitutive models describing the longitudinal and through-thickness 
heterogeneity present in the colons of mice. Our constitutive models 
and modeling framework facilitate analyses of both fundamental ques
tions (e.g., structure-function relationships, growth and remodeling in 
health and disease) and specific applications (e.g., device design, mini
mally invasive surgery, and biomedical research). Additionally, our 
simulations capture biomechanical heterogenity across both the longi
tudinal and through-thickness directions of the colorectum, highlighting 
the differential roles of sensory nerve endings in different regions of the 
colorectum in visceral mechanotransduction. 
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Appendix A. Orientation Distribution Function 

To facilitate implementing the ODF numerically, we write this as 

ρ(M, D) = sinθd−1
1

(
d3

d2

)2/3

, (A.1)  

with 

d1 =
(

− D2
xzDyy + 2DxyDxzDyz − DxxD2

yz − D2
xyDzz + DxxDyyDzz

)1/2
, (A.2)  

d2 =
(

D2
xy − DxxDyy

)
cos2φ +

(
D2

yz − DyyDzz

)
sin2φcos2θ

+
(
DxxDyz − DxyDxz

)
sin2φsinθ +

(
D2

xz − DxyDxz
)
sin2φsin2θ

+cosθ
[(

DxzDyy − DxyDyz
)
sin2φ − 2DxzDyzsin2φsin2θ

]

+DxyDzzsin2φsin2θ,

(A.3)  

and 

d3 = D2
xzDyy − 2DxyDxzDyz + D2

xyDzz + DxxD2
yz − DxxDyyDzz, (A.4) 

and with 

{M} = {cosθsinφ, sinθsinφ, cosφ}
T
. (A.5)  

Appendix B. Model Parameters for Each Specimen of Colorectum 

Table B5 presents the results of our model fitting for each specimen of inner composite for each longitudinal location (colonic, intermediate, and 
rectal).  

Table B5 
Model parameters for the anisotropic, separated layers of inner composites of colorectum.  

(a) Model parameters for the inner colonic specimens (n = 10).  

Specimen μ (kPa) k1 (kPa)  k2 (−)  α (−) R2 (−)  

1 25.989 111.76 53.249 48.316 0.9702 
2 11.331 97.616 15.416 47.061 0.9190 
3 15.709 154.52 29.304 47.718 0.9302 
4 28.168 261.96 13.837 52.991 0.9558 
5 41.954 260.56 131.78 77.680 0.9532 
6 44.744 340.60 166.43 61.347 0.9217 
7 38.023 361.32 296.62 65.725 0.9090 
8 32.524 230.01 59.678 49.195 0.9215 
9 42.958 307.15 140.64 58.50 0.9433 
10 34.435 180.58 43.745 51.270 0.9564 

(b) Model parameters for the inner intermediate specimens (n = 11).  

1 7.5715 90.692 18.973 46.418 0.9378 
2 8.3813 68.355 21.613 47.574 0.9811 
3 18.217 108.61 41.604 55.696 0.9775 
4 15.071 61.500 29.802 48.568 0.9208 
5 12.311 104.97 20.851 48.494 0.9177 
6 27.772 265.06 47.548 62.398 0.9885 
7 17.921 108.26 38.606 48.275 0.9514 
8 23.037 155.10 69.685 55.536 0.9479 
9 12.246 97.559 29.703 47.265 0.9586 
10 11.261 85.841 23.078 47.284 0.9398 
11 21.617 165.28 48.921 55.079 0.9247 

(c) Model parameters for the inner rectal specimens (n = 11).  

1 18.198 108.10 35.164 51.181 0.9482 
2 6.9493 45.683 16.866 48.821 0.9067 
3 18.324 103.79 26.599 90.000 0.9740 
4 14.724 81.366 40.665 74.722 0.9337 
5 15.360 70.419 52.243 57.824 0.9085 
6 7.7974 70.478 19.205 48.056 0.9634 
7 7.7971 70.478 19.205 48.056 0.9597 
8 5.9340 55.783 18.932 48.247 0.9609 
9 21.109 168.34 50.868 70.018 0.9106 
10 23.077 152.45 35.147 75.046 0.9700 
11 20.547 120.41 34.144 70.742 0.9377  
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Table B6 presents the results of our model fitting for each specimen of outer composite for each longitudinal location (colonic, intermediate, and 
rectal).  

Table B6 
Model parameters for the anisotropic, separated layers of outer composites of colorectum.  

(a) Model parameters for the outer colonic specimens (n = 10)  

Specimen μ (kPa) k1 (kPa)  k2 (−)  α (−) R2 (−)  

1 68.050 671.02 32.692 46.080 0.9722 
2 66.690 411.82 39.625 46.404 0.9189 
3 99.972 796.65 90.412 49.335 0.9734 
4 99.997 520.53 120.47 49.123 0.9451 
5 39.990 431.42 40.361 46.133 0.9119 
6 99.999 598.98 114.79 47.383 0.9300 
7 100.00 608.03 36.699 47.931 0.9499 
8 55.697 388.14 19.574 46.443 0.9397 
9 100.00 599.76 51.599 47.768 0.9709 
10 85.928 797.88 99.372 47.728 0.9532 

(b) Model parameters for the outer intermediate specimens (n = 11).  

1 16.674 221.10 14.166 45.752 0.9022 
2 72.762 303.81 79.525 69.970 0.9047 
3 28.525 218.03 33.527 46.760 0.9221 
4 47.182 235.99 47.001 48.053 0.9650 
5 31.935 160.46 24.076 47.071 0.9388 
6 22.044 206.74 31.889 46.220 0.9796 
7 14.867 228.22 11.419 46.344 0.9843 
8 67.471 338.74 61.017 53.744 0.9471 
9 53.453 240.29 68.645 47.961 0.9685 
10 27.206 198.38 14.415 46.130 0.9410 
11 48.962 101.89 23.745 46.621 0.9836 

(c) Model parameters for the outer rectal specimens (n = 11).  

1 6.0485 41.428 14.533 46.421 0.9527 
2 13.657 49.140 69.611 71.718 0.9303 
3 8.5285 43.579 33.001 48.534 0.9410 
4 4.6230 37.327 12.880 46.541 0.9478 
5 5.6189 42.241 18.854 48.866 0.9656 
6 11.466 63.740 80.668 59.703 0.9817 
7 12.675 64.252 83.655 72.415 0.9309 
8 3.1291 42.413 13.820 46.611 0.9034 
9 7.7750 54.232 26.766 47.997 0.9809 
10 6.1281 34.627 15.792 46.335 0.9223 
11 10.963 14.578 24.217 47.649 0.9044  
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