
Author’s Accepted Manuscript

Changes in three-dimensional muscle structure of
rabbit gastrocnemius, flexor digitorum longus, and
tibialis anterior during growth

Tobias Siebert, Andre Tomalka, Norman Stutzig,
Kay Leichsenring, Markus Böl

PII: S1751-6161(17)30331-4
DOI: http://dx.doi.org/10.1016/j.jmbbm.2017.07.045
Reference: JMBBM2444

To appear in: Journal of the Mechanical Behavior of Biomedical Materials

Received date: 27 April 2017
Revised date: 24 July 2017
Accepted date: 28 July 2017

Cite this article as: Tobias Siebert, Andre Tomalka, Norman Stutzig, Kay
Leichsenring and Markus Böl, Changes in three-dimensional muscle structure of
rabbit gastrocnemius, flexor digitorum longus, and tibialis anterior during
growth, Journal of the Mechanical Behavior of Biomedical Materials,
http://dx.doi.org/10.1016/j.jmbbm.2017.07.045

This is a PDF file of an unedited manuscript that has been accepted for
publication. As a service to our customers we are providing this early version of
the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting galley proof before it is published in its final citable form.
Please note that during the production process errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal pertain.

www.elsevier.com/locate/jmbbm

http://www.elsevier.com/locate/jmbbm
http://dx.doi.org/10.1016/j.jmbbm.2017.07.045
http://dx.doi.org/10.1016/j.jmbbm.2017.07.045


1 
 

Changes in three-dimensional muscle structure of rabbit gastrocnemius, flexor digitorum 

longus, and tibialis anterior during growth 

 

Tobias Sieberta*, Andre Tomalkaa, Norman Stutziga, Kay Leichsenringb, Markus Bölb 

aInstitute of Sport and Motion Science, University of Stuttgart, Stuttgart, Germany 

bInstitute of Solid Mechanics, Technical University Braunschweig, Braunschweig, Germany 

*Correspondence to: Institute of Sport and Motion Science, University of Stuttgart, Allmandring 28, 

D-70569 Stuttgart, Germany. Tel.: +49 (0711) 685 60455; fax: +49 (0711) 685 63165. 

tobias.siebert@inspo.uni-stuttgart.de 

 

Abstract 

Muscular contraction dynamics depends on active and passive muscle properties (e.g., the force-

velocity relation) as well as on the three-dimensional (3D) muscle structure (e.g., the muscle fascicle 

architecture and aponeurosis dimensions). Much is known about active muscle force generation and 

the muscle architecture at a particular age (mostly for adult specimens), but less is known about 

changes in muscle structure during growth. The present study analyzed growth-related changes in 

the muscle structure of rabbit gastrocnemius lateralis (GL), gastrocnemius medialis (GM), flexor 

digitorum longus (FDL), and  tibialis anterior (TA). Changes in tendon length, muscle belly dimensions 

(length, width, thickness), as well as aponeurosis length, width, and area were determined using 55 

rabbits between 18 and 108 days old. Additionally, the 3D muscle fascicle architecture of five rabbits 

of different ages (21, 37, 50, 70, 100 days) was determined using a manual digitizer.  

We found an almost linear increase over time in most of the geometrical parameters observed. GL 

and GM showed very similar growth characteristics. In contrast to the pronounced increase in muscle 

belly length of GL and GM, FDL and TA exhibited more uniform muscle belly growth in length, width, 

and thickness. In general, the aponeuroses of the muscles exhibited lower growth rates in width than 

in length, and aponeurosis areas were larger than physiological cross-sectional areas. There were 

almost no changes in fascicle lengths with increasing age for GL, GM, and FDL. In contrast, there was 

a clear increase in TA fascicle length from about 20 to over 40 mm. Pennation angles of TA 

(11.0±2.1°) and FDL (16.7±3.2°) remained almost unchanged but increased for GL from 13.4±3.3° to 

24.3±6.5° from the youngest to the oldest animal. For all muscles observed, the tendon-muscle 

fascicle length ratio (rTFL) changed during growth. GL and GM exhibited similar increases in rTFL from 

about 4 to 8. FDL showed the highest ratio, which increased from about 8 to 13, whereas TA had the 

lowest ratio, which decreased slightly from 2 to 1.5.  

The outcomes demonstrate new findings regarding changes in 3D muscle architecture and 

aponeurosis shape during growth, and they provide information for muscle force generation, 

functional relevance, and adaptation with respect to animal age. Therefore, the results help to 

improve understanding of muscle growth processes and can be used as input data for muscle growth 

modeling. 
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