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Background: The trachea is the uppermost respiratory airway element connecting the larynx to the 
bronchi Airway reconstructions in humans are often developed from animal models but there is limited 
knowledge comparing tracheal biomechanics between species. We aimed to assess the structure and 
biomechanics of porcine, canine, caprine and human airways.
Methods: Tracheas from pigs (n=15), goats (n=9) and canines (n=9) were divided into three groups (4, 6 and 
8-ringswhile human left principal brochi (n=12) were divided into two groups (3and-rings). Airway structures 
were compared using histology and scanning electron microscopy. Biomechanical properties were measured 
subjecting samples to uniaxial tension and compression, recording the elastic modulus and (tensile and 
compressive) strengths. 
Results: The structures of animal tracheal and human bronchia appeared similar. Biomechanical 
testing revealed that the elastic modulus of 8-ring tracheas was 1,190.48±363.68, 2,572.00±608.19 and 
1,771.27±145.54 kPa, for porcine, canine and caprine samples, respectively, while corresponding tensile 
strengths were 437.63±191.41, 808.38±223.48 and 445.76±44.00 kPa. Comparable measures of anterior-
posterior (A-P) compression strengths were 7.94±0.82, 7.54±0.07 and 8.10±1.87 N, respectively, whereas 
lateral compression strengths were 8.75±0.82, 14.55±2.29 and 11.12±0.40 N. Compression testing of human 
samples showed significant differences (P<0.05) between the 3-ring (A-P, 1.06±0.02 N; lateral, 0.55±0.06 N) 
and 5-ring groups (A-P, 1.08±0.64 N; lateral, 2.32±1.95 N).
Conclusions: The tensile and compressive strengths of mammalian airways show positive correlations 
with the cartilage ring number (length). On the basis of structural and biomechanical comparisons, porcine, 
canine and caprine species appear suitable models for the study of airway reconstruction in human. 
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Introduction

The airways are a critical part of the human respiratory 
system, including the trachea in the uppermost part which 
connects the larynx to the bronchi of the lungs. Serious 
obstructions to the trachea caused by stenosis, cancer and 
trauma can lead to rapid death (1-4). Tracheal resection 
with end-to-end anastomosis is the routine treatment for 
tracheal stenosis and tracheal tumors when the lesion is less 
than 6 cm in adults (5,6). Other reconstruction techniques 
are necessary for the treatment of large tracheal defects 
exceeding 6 cm, including tissue autografts, allografts and 
tissue-engineered constructs (7-10). Large animal models 
have proven to be indispensable for developing and applying 
these surgical procedures. 

Some important large animal models for tracheal 
reconstruction have been described including domestic pigs, 
goats, dogs and sheep (11-15). However, when selecting an 
animal model, it is crucial that the model trachea approximates 
the intended human application in size, histologic, biochemical 
content and biomechanical characterization Nevertheless, the 
structural and biomechanical characterization of animal and 
human airways have not been defined using unified methods. 
Therefore, developing biomechanical rules that define the 
size of mammalian airways will enable easier selection of the 
appropriate animal models and provide more authentic data 
towards surgical interventions for tracheal grafts.

Thus, the purpose of this study was to define the 
structural and biomechanical characteristics of porcine, 
canine, caprine and human airways using unified methods, 
also aiming to establish cross-species rules of characteristics 
of mammalian airways. We propose this approach provides 
a feasible benchmark for implementing models of tracheal 
tissue grafts and airway reconstruction.

We present the following article in accordance with the 
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/jtd-20-2970).

Methods

Harvesting airway specimens 

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013) and the 
National Institute of Health’s Guidelines for the Care and 
Use of Laboratory Animals. The study was approved by the 
ethics and animal use committee at Tangdu Hospital of the 
Air Force Medical University (The Fourth Military Medical 
University) (TDLL-201710-28). Written consent was 

acquired from each patient before study participation. 
Animal tracheas were obtained immediately following 

euthanasia from market-weight crossbred adult pigs (n=15, 
100–125 kg), Albas goats (n=9, 25–28 kg) from a local 
slaughterhouse. Beagle canines (n=9, 25–28 kg) were provided 
by the Experimental Animal Centre of the Air Force Medical 
University. Human left principal bronchial samples were 
obtained from organ-donating (brain-dead) patients, without 
airway problems after obtaining written informed consent 
from the patient’s family members. All human samples were 
provided by the People’s Hospital of Wuxi City, Jiangsu 
province between 2018 and 2019. Connective tissues 
surrounding the airways were removed, and the membrane was 
left intact. All samples were rinsed for 20 min in physiological 
saline and frozen in PBS buffer at −80 ℃ for subsequent batch 
testing. A single freeze thaw cycle has been shown to have 
negligible effects on tissue sample properties and is a common 
practice in tissue characterization studies (16-19).

Specimen preparation 

Animal tracheas (porcine n=15, canine n=9, caprine n=9) 
were divided into three groups (4-, 6- and 8-ring groups, 
respectively). Three 4-ring segments were cut from the 
proximal, middle and distal portion of each trachea in 
the 4-ring group respectively. Tracheal length, anterior–
posterior (A-P) and lateral tracheal diameters were recorded 
for each segment. The tracheas of the 6-ring group and 
8-ring group were processed as per the 4-ring group. 
Human bronchi (n=12) were divided into two groups (3-ring 
and 5-ring groups, respectively) with each specimen cut 
from the portion close to the tracheal carina. 

Histology  

Tissue samples are taken from tracheas at different positions 
of the three animal species and the human bronchi, which 
consists of a single cartilage ring and the inner and outer 
membranes. 

A proportion of samples were fixed for 24 h in 4% w/v  
paraformaldehyde at room temperature. After fixation, 
samples were washed in distilled water, dehydrated in 
graded alcohol, embedded in paraffin, and cross-sectioned 
at 4 mm thickness before staining with haematoxylin and 
eosin. Other samples were fixed for 30 to 60 minutes in 
2.5% glutaraldehyde, dehydrated with a graded ethanol 
series (25–100%), and critical-point dried using CO2. The 
dried specimens were mounted on aluminum stubs with 
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carbon adhesive tabs and sputter coated with gold palladium. 
Samples were subsequently imaged by scanning electron 
microscopy (SEM) (S-4800; HITACHI Inc., Tokyo, Japan) 
with images recorded at 30 to 5,000× magnification.

Biomechanical testing

All mechanical tests were carried out using a multi-

functional static testing machine (CMT4304, 1N-30kN; 
SANS/MTS, Shanghai, China) with the force-displacement 
data recorded (Figure 1). Tensile testing was performed on 
all proximal trachea specimens. Anterior-posterior (A-P) 
radial compression testing tensile testing was performed 
on all middle trachea specimens and half of the bronchus 
specimens from the 3-ring and 5-ring groups. The lateral 
radial compression testing was performed on all distal 
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trachea specimens and half of the bronchus specimens from 
the 3-ring group and 5-ring groups. 

Tensile testing 

The proximal and distal ends of the tracheal specimen were 
clamped on the fixture of the test machine. The uniaxial 
tensile testing was performed with a 5 mm/min strain 
rate until sample failure or stress relaxation by applying a 
constant strain (Figure 1A). The force-displacement data 
(Figure 1D) recorded by the tensile machine were converted 
to stress-strain data using the following equations:  

0/L Lε = ∆ 	 [1]

0/F Aσ = 	 [2]

Where ∆L and F represent the displacement and 
tensile force, respectively; σ represents stress; ε represents 
strain; and finally, A0 and L0 represent the initial cross 
section area and length of the specimen, respectively. The 
inner and outer rings of the trachea in the tensile test 
are approximately circular, and the cross-sectional area is 
π(R2-r2). After multiple measurements, the average value is 
obtained, and the original length of the trachea is obtained 
by averaging multiple measurements.

In the stress-strain curve (Figure 1E), the strain of the 
trachea is in the elastic phase from 20% to 50%, which 
approximates a straight line. The data was fitted linearly 
with the slope of the straight line being the elastic modulus 
of the trachea. The elastic modulus (E), which defines the 
relationship between stress (σ) and strain (ε) in a linear elastic 
material, can be calculated using the following equation:

/E σ ε= 	 [3]

The stress value at the highest point of the strain is 
recorded as its tensile strength.

Compression testing

In the A-P radial compression tests, the membrane area 
of the tracheal section was clamped down to the fixture 
of the testing machine, and a 1.5 N preload was applied. 
The compression testing was performed at a displacement 
of 5 mm/min. The compression machine depicted the 
Load-Displacement curve (Figure 1F). In the lateral radial 
compression test, the membrane area of the tracheal section 
is clamped and fixed to the fixture of the testing machine 
perpendicular to the horizontal direction, and a 1.5 N 

lateral preload is given, and the lateral radial compression 
test performed with a displacement of 5 mm/min. The 
compression machine depicts the Load-Displacement curve 
(Figure 1G). Regarding the Load-Displacement curve, the 
value of the recording load is the compression strength 
(L@50%D) when the displacement reaches 50% of the 
original length of the trachea.

Statistical analysis 

All statistical analyses were performed using the SPSS v24.0 
software (SPSS, Chicago, IL, USA) and all linear fitting 
performed using the origin Pro v9.0 software (Originlab, 
Northampton, MA, USA). 
The data were first checked for normal distribution using 
the Shapiro-Wilk test, which resulted in P values greater 
than 0.05 (The null-hypothesis of this test is that the 
population is normally distributed). Thereafter, one-way 
analysis of variance (AVONA) compared the experimental 
results obtained from the tracheal samples with respect to 
the cartilage ring number, with the significance level set at 
0.05. All data were presented as means ± SD.

Results 

Histology

H&E staining and SEM of trachea cross-sections revealed 
a complex multilayer architecture consisting of fibrous 
tissue layers surrounding inner cartilaginous rings and 
an inner epithelial layer (Figure 2). The cartilage lacuna 
and chondrocytes were visible inside of cartilaginous ring 
cross sections (Figure 2A,C,E). Additional SEM imaging 
also revealed that the inner and outer layers of the tracheal 
cartilage ring of different species were wrapped with 
connective tissue composed of elastic fibers. The cartilage 
matrix fibers grew from the center to the sides with the 
thick center and narrow end. Furthermore, there were 
cartilage lacuna and chondrocytes in the cartilage matrix 
(Figure 2B,D,F). 

Biomechanical testing

Prior to biomechanical testing, the scale of animal tracheal 
samples were measured and analyzed (Table S1) in order 
to ensure that the animal tracheal samples from different 
groups were uniform cylindrical tubes of defined length. 
These parameters were then used to conduct biomechanical 

D:/Program Files/Youdao/Dict/8.4.0.0/resultui/html/index.html#/javascript:;
D:/Program Files/Youdao/Dict/8.4.0.0/resultui/html/index.html#/javascript:;
file:///D:/AME/21.1%e6%9c%88/1.12/CDT-20-897-figures%ef%bc%86Tables/javascript:;
https://cdn.amegroups.cn/static/public/JTD-20-2970-supplementary.pdf


922 Huang et al. Biomechanics of mammal airway and airway reconstruction

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2021;13(2):918-926 | http://dx.doi.org/10.21037/jtd-20-2970

tests (Tensile and Compression) on the animal samples. The 
results were shown in Table 1 and Figure 3A-D. Besides, the 
statistical analyses (One-Way ANOVA) were presented in 
Tables S2 and S3 and Figure 3E-H.

Tensile testing

In tensile testing, increasing numbers of rings increases 
both the elastic modulus and tensile strength. The elastic 
modulus of the 8-ring group for porcine, canine and 
caprine tracheas was 1,190.48±363.68, 2,572.00±608.19 and 
1,771.27±145.54 kPa respectively, while the corresponding 
tens i l e  s t rength  measures  were  437 .63±191 .41 , 
808.38±223.48 and 445.76±44.00 kPa, respectively (all data 
in Table 1). There was no consistent statistical differences 
in the tracheal tensile elastic modulus among the three 
groups of different species (porcine, P>0.05; Canine and 
Goat, P<0.05) (Figure 3A). Neither were there significant 

statistical differences in tensile strength between the 
different groups (P>0.05) (Figure 3B). However, there was 
a statistically significant positive correlation identified 
between the number of rings and the tracheal elastic 
modulus and tensile strength (R2>0.8) (Figure 3E,F). The 
latter finding may be related to the uneven distribution of 
cartilage ring growth in different segments of the trachea. 

Compression testing

During compression testing, when the tracheal sections 
are compressed down to 50% original length, they are 
not crushed, and can be restored to their original shape 
while maintaining a good structure. The A-P compression 
strengths of the 8-ring group for porcine, canine and caprine 
tracheas was 7.94±0.82, 7.54±0.07 and 8.10±1.87, respectively, 
while the corresponding lateral compression strengths were 
8.75±0.82, 14.55±2.29 and 11.12±0.40, respectively (all data 

Figure 2 Morphological observation of different species of tracheal cross section: (A) HE staining results of porcine tracheal cross section; (B) 
scanning electron microscope (SEM) results of porcine tracheal cross section; (C) HE staining results of  canine  tracheal cross section; (D) 
SEM results of canine  tracheal cross section; (E) HE staining results of caprine tracheal cross section; (F) SEM results of caprine tracheal cross 
section. Arrows in submucosa pointing to submucosa glands and adipocytes; arrows in cartilage pointing to cartilage lacuna and chondrocytes.
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in Table 1). Statistical analyses revealed significant statistical 
differences (P<0.05) among the A-P radial compression 
strengths of different species (Figure 3C). Linear fitting results 
indicated that the A-P and lateral compression strengths of 

the tracheas were positively correlated with the number of 
rings (A-P compression R2>0.5; lateral compression R2>0.8) 
(Figure 3G,H) although the correlation strength with lateral 
compression was stronger than A-P compression.

Table 1 Biomechanical characteristic of animal tracheas

Group Porcine Canine Caprine

Elastic modulus (kPa) 4 rings 594.12±156.35 577.23±313.45 654.73±373.82

6 rings 883.70±437.39 2,550.67±1247.68 1,202.47±187.93

8 rings 1,190.48±363.68 2,572.00±608.19 1,771.27±145.54

Tensile strength (kPa) 4 rings 352.92±53.74 404.58±130.41 358.41±127.74

6 rings 422.67±155.92 625.99±107.67 366.21±111.16

8 rings 437.63±191.41 808.38±223.48 445.76±44.00

A-P L@50%D (N) 4 rings 4.86±1.20 4.35±0.05 4.73±0.20

6 rings 5.53±0.43 6.83±0.08 5.38±0.10

8 rings 7.94±0.82 7.54±0.07 6.18±0.38

Lateral L@50%D (N) 4 rings 5.30±0.84 7.52±1.98 8.10±1.87

6 rings 7.39±0.61 8.42±3.29 11.65±2.75

8 rings 8.75±0.82 14.55±2.29 11.12±0.40

A-P, anterior-posterior; L@50%D, load at the displacement reaches the 50% original length of trachea.
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Mechanical tests on human samples

The histology and SEM of human bronchi demonstrated 
a complex multilayer architecture (Figure 4A-D) that is 
identical to animal tracheas. The results of A-P and lateral 
compression testing performed on human bronchial 
specimens showed that with increasing number of rings, the 
A-P compression strength and lateral compression strength 
both increased. Indeed, for compression testing there were 
statistically significant differences (P<0.05) between the 3-ring 
(A-P, 1.06±0.02 N; lateral, 0.55±0.06 N) and 5-ring groups 
(A-P, 1.08±0.64 N; lateral, 2.32±1.95 N) (Figure 4E,F). 

Discussion

The tracheal structure of larger mammals such as the pig, 
dog and goat is more similar to humans in terms of size, 
morphology, and physiology compared to smaller laboratory 
animals such as rodents (8). Tracheal reconstruction 
studies on large animals may therefore represent more 

faithful models for developing clinical approaches prior to 
implementation in humans.

In recent years, an increasing number of tracheal 
reconstruction studies on large animals and some clinical 
reports have suggested an urgent need to better understand 
the mechanical properties of the native airways of human and 
animals (7,11,20-22). In this study, we performed mechanical 
tests using unified methods to assess and compare large animal 
species against human airways. A mass of detailed and objective 
data was obtained with the notable finding that mechanical 
characteristics positively correlate with ring number (length).

The tensile characteristics of animal tracheas have not 
previously been investigated thoroughly and many reported 
studies have employed homogenized rather than intact tracheas 
(18,19,23). Here we observed that the tensile characteristics 
(elastic modulus and tensile strength) of animal tracheas were 
positively correlated with the number of tracheal cartilage rings 
(Figure 3A,B,E,F). This highly informative finding provides 
a clear lesson for all future tracheal reconstruction research 
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where it cannot be assumed that the trachea is a homogeneous, 
readily substituted organ between species.

Many efforts have been put into defining the compressive 
characteristics of animal and human airways although usually 
in the context of a single species. However, this presents major 
difficulties in comparing and normalizing key mechanical 
parameters amongst species (16-19,23-25). In our study, we 
performed two directional (A-P and lateral) compression tests 
on three kinds of large animal tracheas versus human bronchi 
and defined the compressive characteristics of airways in detail. 
These results indicated that the compressive characteristics 
(A-P and Lateral L@50%D) of animal tracheas are positively 
correlated with the number of tracheal cartilage rings (P<0.05) 
(Figure 3C,D,G,H). According to the mechanical tests on the 
human samples, the compression strength (A-P and lateral) 
of the 5-ring group was significantly increased compared to 
that of the 3-ring group (P<0.05) (Figure 4E,F). Therefore, 
similar to animal airways, the compression strength of human 
airways may also be positively correlated with airway length. 
However, we note the difficulties in obtaining human tracheas, 
and caution the limitations of our findings where data would 
be better collected using human main tracheas.  Nonetheless, 
we have demonstrated a feasible approach for defining the 
biomechanical characteristics of tracheas in a variety of species.

Our study obtained the detailed structural and 
biomechanical data of large animals (sus, canis and capra) 
and human airways. It was also found that both the 
tensile and compressive strengths had significant positive 
correlations with the cartilage ring number (length) of 
mammal airways. These results propose that for studies 
of airway reconstruction, these three large animals all 
represent good models. Notwithstanding this conclusion, in 
the study of human airway reconstruction, especially for the 
process of tissue engineering, the effect of tracheal length 
(cartilage ring number) on mechanical properties should be 
carefully considered and evaluated.

In conclusion, our findings provide a reliable basis for 
selecting appropriate animal models for airway reconstruction 
and the preparation of substitute airways.  Moreover, the 
basic mechanical information detailed in our results can be 
used as reference information for all manner of clinicians and 
basic researchers in this field including applications in tissue 
engineering, 3D printing and airway stent design.
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Supplementary

Table S1 Scale of animal tracheal samples

Species Group
Length

(cm)
P value

A-P inner 
diameter (cm)

P value
A-P external 

diameter
(cm)

P value
Lateral inner 

diameter
(cm)

P value

Lateral 
external 
diameter

(cm)

P value

Porcine 4 rings 2.18±0.23 <0.001* 1.70±0.22 0.389 2.36±0.1 0.096 1.92±0.16 0.549 2.48±0.08 0.382

6 rings 3.09±0.18 1.45±0.12 2.15±0.13 1.85±0.17 2.32±0.16

8 rings 4.07±0.45 1.51±0.28 2.27±0.12 1.9±0.28 2.40±0.30

Canine 4 rings 2.00±0.10 0.012* 1.40±0.20 0.988 1.88±0.3 1.000 1.83±0.13 0.204 2.12±0.20 0.079

6 rings 3.17±0.38 1.42±0.16 2.13±0.84 1.98±0.33 2.60±0.35

8 rings 3.70±0.72 1.42±0.03 1.88±0.20 2.23±0.23 2.77±0.31

Caprine 4 rings 1.98±0.25 0.001* 1.07±0.08 0.455 2.35±0.56 1.000 1.20±0.10 0.892 1.65±0.05 0.618

6 rings 3.03±0.40 1.22±0.03 1.92±0.03 1.35±0.10 1.83±0.08

8 rings 3.80±0.17 1.23±0.06 2.07±0.23 1.60±0.18 2.12±0.19

*P<0.05. A-P, anterior-posterior.

Table S2 One-way ANOVA of elastic modulus and tensile strength of tracheas

Species Outcome Variable Level Mean ± SD SE F test P value
LSD

4,6 6,8 4,8

Porcine Elastic modulus (kPa) Ring number 4 594.12±156.35 68.55 3.466 0.065 0.252 0.179 0.022*

6 883.70±437.39 195.61

8 1190.48±363.68 162.64

Tensile strength (kPa) Ring number 4 352.92±53.74 17.98 0.713 0.51 0.365 0.873 0.29

6 422.67±155.92 69.73

8 437.63±191.41 85.60

Canine Elastic modulus (kPa) Ring number 4 577.23±313.45 180.97 5.833 0.039* 0.026* 0.976 0.025*

6 2550.67±1247.68 720.35

8 2572.00±608.19 351.14

Tensile strength (kPa) Ring Number 4 404.58±130.41 75.29 4.686 0.059 0.145 0.217 0.022*

6 625.99±107.67 62.16

8 808.38±223.48 129.03

Caprine Elastic modulus (kPa) Ring Number 4 654.73±373.82 215.83 14.295 0.005* 0.039* 0.034* 0.002*

6 1202.47±187.93 108.5

8 1771.27±145.54 84.03

Tensile strength (kPa) Ring Number 4 358.41±127.74 73.75 0.687 0.539 0.928 0.372 0.33

6 366.21±111.16 64.18

8 445.76±44.00 25.40

*P<0.05, SD, standard deviation; SE, standard error; LSD, least-significant difference.
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Table S3 One-way ANOVA of A-P and lateral L@50%D of animal tracheas

Species Outcome Variable Level Mean ± SD SE F test P value
LSD

4,6 6,8 4,8

Porcine A-P L@50%D (N) Ring Number 4 4.86±1.20 0.54 17.057 <0.001* 0.246 0.001* <0.001*

6 5.53±0.43 0.19

8 7.94±0.82 0.37

Lateral L@50%D (N) Ring Number 4 5.30±0.84 0.38 26.054 <0.001* 0.01* 0.019* 0.001*

6 7.39±0.61 0.27

8 8.75±0.82 0.37

Canine A-P L@50%D (N) Ring Number 4 4.35±0.05 0.03 1478.796 <0.001* <0.001* 0.002* <0.001*

6 6.83±0.08 0.05

8 7.54±0.07 0.04

Lateral L@50%D (N) Ring Number 4 7.52±1.98 1.14 6.572 0.031* 0.685 0.027* 0.016*

6 8.42±3.29 1.90

8 14.55±2.29 1.32

Caprine A-P L@50%D (N) Ring Number 4 4.73±0.20 0.12 23.696 0.001* 0.022* 0.009* <0.001*

6 5.38±0.10 0.057

8 6.18±0.38 0.22

Lateral L@50%D (N) Ring Number 4 8.10±1.87 1.08 9.118 0.015* 0.068 0.087 0.005*

6 11.65±2.75 1.58

8 11.12±0.40 0.38

*P<0.05. A-P, anterior-posterior; L@50%D, load at the displacement reaches the 50% original length of trachea; SD, standard deviation; 
SE, standard error; LSD, least-significant difference.


