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Abstract—Young’s Modulus was measured on the trachea 

and first three generations of pig airways by compression. A 

simple and low-cost system for measuring the elastic properties 

of small bio-materials is presented. The force-displacement 

measurements have been undertaken on dissected cartilage and 

trachea mucosa from pig trachea and bronchial segments. 

Young’s Modulus of trachea wall, 1.78±0.51 MPa, is found to 

be dominated by the trachea cartilage of value 1.74±0.85 MPa 

while the modulus for trachea mucosa was 0.15±0.03 MPa. The 

Young’s Modulus of the airway wall from the first three 

generations of bronchi decreases from 1.35±0.17 to 0.35±0.10 

MPa which is also found to be dominated by the airway 

cartilage. Airway mucosa is found to have similar Young’s 

modulus of 0.036±0.005 MPa for the first three generations of 

bronchial airways. 

I. INTRODUCTION 

IRWAY diseases such as asthma are related to the 

airway wall elasticity. Elasticity measurements on 

airway walls can lead to a better understanding of respiratory 

ventilation mechanisms and also provide useful information 

and reference values for clinical tools, such as ultrasound and 

MRI elastography [1]-[8].  

Stiffness measurements on human and animal trachea 

rings have been studied in the past two decades [9]-[13]. 

However, the elastic properties of airway walls from different 

generations of bronchi are little documented. In this study, a 

simple and low-cost system has been developed for 

measuring the elastic properties of small bio-materials. 

Force-indentation measurements of the trachea and the first 

three generations of bronchial wall segments from the same 

pig have been performed. The Young’s modulus of the 

cartilages and mucosa are also compared.  

II. BASIC PRINCIPLES 

Hardness and Young’s Modulus from a Force-Distance 

Curve 

The compression method of loading and unloading is 
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based on the fact that the displacements recovered during 

unloading are largely elastic, in which case the Young’s 

modulus, E, can be simply analyzed from the unloading curve 

where the Hooke’s law holds [14]. Young’s modulus of an 

elastic material is a ratio of uniaxial stress (ε) over strain (σ) 

which can be related to an external force (F) over the uniaxial 

length changing (ΔL) by   
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where L0 is the initial length and A0 is the initial 

cross-sectional area of the material without any applied force.  

   In this study, the Young’s modulus was calculated from the 

initial unloading process, i.e., 
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where (L0 - hf  ) is the material length at initial unloading 

process while (w + hf/2) is the material width at initial 

unloading process with the assumed Poisson’s ratio of 0.5 

[15]-[17]. The elastic unloading stiffness, S = dF/dh, is 

defined as the slope of the unloading curve during the initial 

stages of unloading. 

     A schematic illustration of force-displacement curve is  
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A 

Fig. 1.  Schematic illustration of a cycle of loading and unloading 

force-displacement curve [14]. The unloading stiffness is defined as the 

slope of the force and displacement at the initial unloading process. hf is 
the final displacement of the material. 
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shown in figure 1 where one cycle of loading and unloading 

of an indenter on a material (which is relatively soft to the 

indenter) is presented [6]. 

III. SYSTEM 

The system developed for measuring the elastic properties 

of small biomaterials is shown in figure 2. A loud speaker (4”, 

BG 10, 8 Ω, Visaton, Germany) is used as the actuator for 

driving the compressing rod. The compressing rod is made of 

stainless steel with a flat end of diameter 1.25 cm (which is 

2-3 times larger than the samples), and fixed under the 

speaker. The loud speaker is powered by a modified stereo 

amplifier (K4003, Velleman-Kit, Beigium) and the input 

signal is controlled by a computer.  

A liner variable distance transducer (LVDT, Position 

sensor M-0.5, Applied Measurements Ltd., UK) is used for 

measuring the displacement of the compressing rod. The 

digital noise from the LVDT is approximately 4.05 mV 

which corresponds to 5.95 μm. 

A force sensor modified from a balance (50g, resolution 

0.01g, APS-50, Farnell, UK) is placed under the compressing 

rod. The digital noise from the force sensor is approximately 

4.02 mV which corresponds to 0.09 mN. The sample is 

placed on the force sensor and under the compressing rod. 

IV. EXPERIMENT SETUP 

The measurement was performed on a pig trachea wall 

segment (with cross sectional area of about 4 mm x 4 mm) 

and airway wall segments from first three generations of 

bronchi (with cross sectional area of about 2.5 mm x 2.5 mm). 

The airway segments were taken from an adult Tamworth pig 

(about a year and half old) which was supplied by the local 

butcher and killed for other purpose. All the samples were 

preserved at 4oC in PBS solution (Phosphate Buffer Saline, 

100 mL, Invitrogen, USA) and the measurements were  
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undertaken within 48 hours of death. The mucosa and 

cartilages were dissected from the segments.  

The system was tested with two different types of silicone 

rubber (2-mm thick, 4mm x 4mm cross-sectional area) which 

have elastic moduli of 0.32 MPa (794N, DowCorning, USA) 

and 1.80 MPa (Bond Flex 100HMA, Bostik, UK). The system 

gives values within 3% of the published values from the 

silicone sample datasheets. The force-displacement 

measurements were taken under a constant speed of 0.1 Hz 

(loading and unloading) and repeated 6 times for each sample. 

The system displacement has also been considered and 

subtracted from all the force-distance curves. All the 

measurements were performed at the room temperature 

(about 21±1oC). 

V. RESULTS 

    The force-displacement curve from trachea wall segment 

is shown in figure 3. Each measurement was repeated for six 

times under the loading-unloading period of 10 seconds 

during which the sample was fully recovered. Note that at the 

end of the unloading, a pulling force between the sample, the 

rod, and the force sensor occurs because of the capillary 

effect.  

    The measured Young’s modulus from the segments is 

shown in figure 4 (with the assumed Poisson’s ratio of 0.5). 

Young’s modulus of trachea wall was approximately 

1.78±0.51 MPa, which is dominated by the cartilage with 

E=1.74±0.85 MPa. The tracheal mucosa has much larger 

Young’s modulus of 0.14±0.02 MPa compared to bronchial 

mucosa with E=0.036±0.08 MPa. The Young’s modulus of 

bronchial wall decreases greatly from the second generation 

(E=0.41±0.09 and 0.35±0.10 MPa) compared to the first 

generation (E=1.35±0.17 MPa). 

     The measured Young’s modulus from trachea and the first 

three generations of bronchial airway walls, cartilages, and 

mucosa are shown in figure 4 and also listed in table 1 with 

the approximate outer diameters of each airways and the 

thickness of the segments.  

Fig. 3. The force-displacement curve from a tracheal segment repeated 6 

times. A pulling force occurred at the end of the unloading curve caused by 

the capillary force between the sample, compressing rod, and the force 

sensor. 

Fig. 2. The system diagram for measuring the elastic modulus. The 

compressing rod is driven by a dynamic loud speaker. The distance is 

measured by a LVDT (linear variable distance transducer). The sample is 

placed on top of the force sensor which monitors the force applied on the 

sample.   
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VI. DISCUSSION 

    A low-cost system for measuring the elastic modulus of 

small bio-material has been developed. The system can also 

be used for measuring dynamic modulus. Young’s modulus 

of pig airway walls, cartilages, and mucosa from the trachea 

and first three generations of bronchi has been measured and 

found to decrease generation by generation. In each 

generation, the Young’s modulus of airway wall has been 

found to be dominated by the modulus of airway cartilage. 

The measured Young’s modulus from a pig tracheal cartilage 

has smaller value compared to the results from Sera et al. 

[18]-[20] with the value of E=5.8±2.9 MPa but a different 

measuring method, which can be due to different pig species 

and ages. As it has been well documented that there are many 

anatomy similarities between pig airways and human 

airways, to study the elastic properties of pig airways can be 

helpful for understanding the mechanical properties of 

human airway.   

VII. FUTURE WORK 

    More adult pig specimens will be undertaken for this study 

to give a statistical result. The dynamic force modulus will 

also be measured with our developed system. 
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TABLE I 

AIRWAY DIMENSIONS AND YOUNG’S MODULUS 

airways 

outer 

diameter 

(mm) 

segment 

thickness 

(mm) 

Young’s 

Modulus 

(MPa) 

tracheal          

g0 
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bronchial 

g1 
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bronchial 

g2 
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g3 
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cartilage 

g0c 
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cartilage 

g1c 

 1.32±0.20 1.44±0.25 

bronchial 

cartilage 

g2c 

 1.05±0.004 0.44±0.05 

bronchial 

cartilage 

g3c 

 0.52±0.05 0.16±0.03 

tracheal 

mucosa 

g0m 

 0.405±0.027 0.14±0.02 
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mucosa 

g1m 

 0.303±0.109 0.041±8e-3 

bronchial  

mucosa 

g2m 
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bronchial  

mucosa 

g3m 

 0.331±0.020 0.042±e-7 

____________________________________________ 

2091



  

response to airway inflation,” J. Appl. Physiol. vol. 99, pp. 2061-2066, 

2005. 

[12] J. K. Rains, J. L. Bert, C. R. Roberts, and P. D. Pare, “Mechanical 

properties of human tracheal cartilage,” J. Appl. Physiol., vol. 72, pp. 

219-225, 1992. 

[13] C. R. Roberts, J. K. Rains, P. D. Pare, D. C. Walker, B. Wiggs and J. L. 

Bert, “Ultrastructure and tensile properties of human tracheal cartilage,” J. 

Biomech. vol. 31, pp. 81-85, 1997. 

[14] W. C. Oliver and G. M. Pharr, “On the generality of the relationship 

among contact stiffness, contact area, and elastic modulus during 

indentation,” J. Mater. Res., vol. 7, pp. 613-617, 1992. 

[15] Y. C. Fung, Biomechanics: Mechanical Properties of Living Tissues. 

New York: Springer-Verlag, 1981. 

[16] E. J. Chen, J. Novakofski, W. K. Jenkins, and W. D. O’Brien, Jr. 

“Young’s modulus measurements of soft tissues with application to 

elasticity imaging.” IEEE Trans. Ultrasonics. Ferroelectrics, and Freq. 

Contrl. vol. 43, pp. 191-194, 1996. 

[17] J. Töyräs, T. Lyyra –Laitinen, M. Niinimäki, R. Lindgren, M. T. 

Nieminen, I. Kiviranta and J. S. Jurvelin, “Estimation of the Young’s 

modulus of articular cartilage using an arthroscopic indentation 

instrument and ultrasonic measurement of tissue thickness,” J. Biomech. 

vol. 34, pp. 251-256, 2001. 

[18] T. Sera, S. Satoh, H. Horinouchi, K. Kobayashi and K. Tanishita, “The 

inspiratory and Expiratory Flow in Distensible Tracheostenosis Model,” 

Proceedings of ASME International Mechanical Engineering Congress 

and Exposition, Orlando, USA, 2002. 

[19] T. Sera, S. Satoh, H. Horinouchi, K. Kobayashi and K. Tanishita, 

“Respiratory Flow in a Realistic Tracheostenosis Model,” J. Biomech. 

Eng. Vol. 125, pp. 461-471, 2003. 

[20] V. Hermawan, Experimental Techniques to Demtermine the Young’s 

Modulus of the Trachea, Master Thesis, DCRC, Auckland University of 

Technology, Auckland, New Zealand, 2004.  

2092


	MAIN MENU
	CD/DVD Help
	Search CD/DVD
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order

