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Chapter 1

To initiate and control motion of body segments, muscles need to exert forces on 
the skeleton. Skeletal muscles contain myofibers that consist of many sarcomeres in 
series, which are the fundamental contractile units of a myofibril (Fig. 1.1). Active 
muscle force is produced by the forming of cross-bridges between actin and myosin 
filaments within these sarcomeres and is dependent on the level of activation, the 
contraction velocity of these sarcomeres and the extent of overlap between actin 
and myosin filaments (i.e. sarcomere length). Force exerted by sarcomeres can be 
transmitted to the muscle’s origin and insertion on the skeleton via several pathways, 
which will be described below.

Whole muscle
Muscle bundle

Muscle �ber

Myo�bril

Sarcomere
Myosin Actin

Figure 1.1. A schematic overview of the muscle architecture and in-series arrangement of sarcomeres 
in myofibrils.

Intramuscular force transmission
Force exerted by sarcomeres is transmitted mainly via the so-called myotendinous 
junctions to the tendon that inserts on the skeleton (Trotter, 2002). These 
myotendinous junctions are located at the ends of skeletal muscle fibers, where 
muscle fibers adhere to tendon collagen fibers (Mair & Tomé, 1972). Next to 
the myotendinous junctions, cytoplasmic proteins (e.g. dystrophin, desmin) 
mechanically connect the cytoskeleton of a myofiber to structures located in the 
sarcolemma and extracellular matrix (Hughes et al., 2015). For example, dystrophin 
links sarcomeres to dystroglycan and sarcoglycan proteins within the extracellular 
matrix, forming the dystrophin-associated glycoprotein (DAG) complex (Hughes 
et al., 2015), which mechanically reinforces the sarcolemma (Petrof et al., 1993). 
The absence of dystrophin (as in the case of Duchenne Muscular Dystrophy disease) 
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affects the mechanical stability of the DAG complex and reduces muscle stiffness 
(García-Pelagio et al., 2011). Early studies (e.g. Street, 1983) already showed that, 
via the connections described above, force can be transmitted to the endomysium 
surrounding myofibrils. Because the endomysium is part of a continuous network 
of intramuscular connective tissues including the perimysium and epimysium (Fig. 
1.2), force can also be transmitted via the tendon of a muscle to its insertion sites 
on the skeleton bypassing the myotendinous junctions. Force transmitted via this 
pathway has been called intramuscular myofascial force transmission (Huijing et al., 
1998). Experimental evidence of these intramuscular myofascial pathways has been 
provided in the extensor digitorum longus (EDL) of the rat, which consists of four 
heads (Huijing et al., 1998). It was found that by cutting the distal tendons of the 
two most proximal heads, thereby preventing myotendinous force transmission, the 
length-force characteristic of the muscle did not change significantly. This clearly 
indicates force transmission from the tenotomized heads via the intramuscular 
myofascial pathways to their intact neighbors.

Figure 1.2. Cross section of the anterior crural compartment in the rat containing tibialis anterior 
(TA) and extensor digitorum longus (EDL) muscles. The section was fixed and stained with Sirius 
red, and clearly shows the continuous network of intramuscular and intermuscular connective tissue 
(unpublished data from H. Maas).

Intermuscular mechanical interactions
If all the force exerted by sarcomeres within a muscle is transmitted to its own 
tendon(s), either via the myotendinous junction or via intramuscular myofascial 
pathways, muscles are mechanically independent of their surroundings. However, 

Endomysium Perimysium Epimysium

EDL

TA



10

Chapter 1

the notion that skeletal muscles are not isolated in an intact body challenges this 
assumption. In fact, muscles and tendons can be mechanically connected via 
different pathways: (i) linkages between muscle tendons (Leijnse, 1997); (ii) tendons 
of multiple muscles that merge into a shared tendon (Greene, 1935); and (iii) 
linkages between the epimysial sheet of a muscle and surrounding muscular and 
non-muscular structures (Huijing, 2007). These pathways will be described in detail 
in the following paragraphs.

Intertendinous connections

Although the majority of muscle tendons does not have distinct linkages to 
surrounding structures, intertendinous connections can be found in the human 
hand. Connections exist between the distal tendons of extrinsic flexor muscles 
(Leijnse, 1997; Kazuki et al., 2005) and between the distal tendons of the extensor 
digitorum muscle (i.e. juncturae tendinum) (von Schroeder & Botte, 1995; Keen & 
Fuglevand, 2003). It is suggested that connections between the distal tendons of the 
extensor digitorum probably play a minor role in force distribution between fingers 
(Keen & Fuglevand, 2003). However, force transfers have been reported between 
the distal tendons of extrinsic flexor muscles (Leijnse, 1997), which may limit the 
independent movements of individual fingers.

Shared tendon

In certain locations within the body, muscles do not have a separate origin and/or 
insertion but they connect to tendons that merge and connect to the skeleton as a 
common tendon (Fig. 1.3). For example, triceps surae muscles merge distally into 
the Achilles tendon, the quadriceps muscles merge distally into the patella tendon, 
and the long head and short head of the biceps brachii muscle insert merged on the 
radius (Greene, 1935). If such a common tendon acts as an elastic element, changes 
in muscle-tendon unit (MTU) length of one muscle can affect the muscle belly 
length and sarcomere lengths of the neighboring muscles and, hence, their force 
production. For the triceps surae in humans, it has been found that knee extension 
(i.e. lengthening of gastrocnemius (GA) muscle) caused shortening of soleus (SO) 
muscle fascicles, probably due to elongation of the common Achilles tendon (Tian 
et al., 2012).
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Figure 1.3. Pathways of intermuscular mechanical interactions, showing a shared tendon as well 
as myofascial connections located between muscle bellies of neighboring muscles. (A) Lateral view 
showing the muscles as they occur in vivo (top left) and when they are slightly pulled apart (bottom 
right) These photos are taken after fixation in a formaldehyde solution. SO: soleus muscle; LG: lateral 
gastrocnemius muscle. (B) Schematic representation of these intermuscular linkages.

Epimuscular myofascial connections

Force transmission via linkages that mechanically connect the epimysial sheet of a 
muscle to surrounding muscular (Fig. 1.3) and non-muscular structures has been 
called epimuscular myofascial force transmission (Huijing, 2007). If not all the force 
exerted by sarcomeres within a muscle is transmitted to its own tendon(s), but also 
to other structures, forces exerted at the proximal and distal tendon can be unequal. 
Several studies have found this phenomenon for the rat EDL muscle (Huijing, 
2009; Maas & Sandercock, 2010), providing direct evidence for epimuscular 
myofascial force transmission. These studies, in which the tendons were dissected 
from their insertion site to measure tendon forces, have found that the extent of 
such epimuscular myofascial force transmission is dependent on the relative position 
of neighboring muscles (Maas et al., 2004, 2005; Meijer et al., 2006; Huijing et al., 
2007; Rijkelijkhuizen et al., 2007; Huijing & Baan, 2008). Using finite element (FE) 
models, it has been predicted that the presence of myofascial loads could result in 
non-uniform distribution of sarcomere lengths within and between muscle fibers of 
a length restrained muscle, and that these non-uniformities could cause the unequal 
forces at the proximal and distal tendons of that muscle (Maas et al., 2003a; Yucesoy 
et al., 2003, 2005). Although these predictions have not been validated so far, recent 
MRI studies do seem to confirm effects of intermuscular mechanical interaction on 
such non-uniform strain distributions within passive length restrained muscles in 
humans (Huijing et al., 2011; Yaman et al., 2013).

Shared tendon

Myofascial connections

LG

SO
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Physiological relevance
If the mechanical effect of intermuscular interactions, either via intertendinous 
connections, shared tendons or via epimuscular myofascial connections, is of 
sufficient magnitude, it will have consequences for our understanding of the neuro-
musculo-skeletal system. To give some examples:
•	 If muscle interactions through a common tendon occur, forces exerted by muscles 

individually will not be equal to the muscle tendon forces during simultaneous 
excitation of these muscles, which is commonly referred to as nonlinear force 
summation (Sandercock, 2005).

•	 If intermuscular mechanical connections affect a muscle’s line of action, the 
sarcomere length distribution or the force exerted by a muscle at its tendon, joint 
moments exerted by a muscle would be determined not only by the muscle’s 
own characteristics, but also by surrounding structures.

These points have implications for understanding and modeling of neuromuscular 
control of movement. In addition, examples of biologically relevant effects would be 
that:
•	 If the above mechanical interactions among muscles are substantial, this would 

imply that muscles cannot be considered as independent actuators, which might 
limit the controllability of the skeletal system.

•	 If muscle force of a single muscle is distributed among multiple tendons this 
might decrease peak stresses and protect the tissue against overloading.

•	 If sarcomere length is distributed non-uniformly along the muscle, this might 
be detected by sensory receptors within the muscle, which would affect sensory 
encoding of limb configuration as muscle afference from mono-articular muscles 
might depend on joint angles of neighboring joints that the muscle doesn’t span.

Previous studies that assessed the various pathways of muscular force 
transmission contributed to the current knowledge of the mechanical properties 
of the muscle system and emphasize the potential importance of intertendinous 
and myofascial connections. However, it is important to note that, especially for 
the studies on epimuscular myofascial force transmission, the conditions in which 
these studies were performed were for an extensive part beyond physiological, i.e. do 
not occur during normal movements: (i) all muscles were activated maximally, and 
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synergistic and sometimes also antagonistic muscles were excited simultaneously; 
(ii) tendons were disrupted from the skeleton and attached to force transducers to 
measure tendon forces; and (iii) MTU lengths and positions relative to surrounding 
structures exceeded ranges that occur in vivo. Therefore, the mechanical relevance 
of intermuscular mechanical interaction for conditions that correspond to more 
physiological circumstances is unknown. It is therefore necessary to gain more 
insight into the impact of these mechanisms during normal movements.

In vivo, muscles are excited via their peripheral nerves, recruiting a part of 
all motor units at various firing frequencies. During rat locomotion, high discharge 
rates were found in EDL (60-100 Hz), while lower firing rates (30-60 Hz) were 
found for SO (Gorassini et al., 2000). Therefore, the effect of firing frequency on 
epimuscular myofascial force transmission was assessed between synergistic muscles 
(Meijer et al., 2006) and antagonistic muscles (Meijer et al., 2008) in the rat. 
Epimuscular myofascial force transmission was found to be present also at low firing 
frequencies. Between synergistic muscles, its importance relative to myotendinous 
force transmission even increased compared to maximal stimulation (Meijer et al., 
2006). Despite the fact that in this study the tendons were disrupted and MTU 
lengths and relative positions exceeded physiological ranges, these results indicate 
that epimuscular myofascial force transmission is likely to be relevant at firing 
frequencies as found in vivo.

A first study that assessed intermuscular mechanical interaction within 
physiological length ranges was that performed by Maas & Sandercock (2008) in 
the cat hindlimb. In that study, the hindlimb was kept as intact as possible and knee 
joint rotations were applied to change the MTU length of the passive bi-articular GA 
and plantaris (PL), without changing the MTU length of the mono-articular SO. 
Using this method, only physiologically possible MTU lengths and relative positions 
were imposed. In addition, intermuscular mechanical interaction was not assessed 
by changes in tendon forces, but as changes in joint moments exerted by SO. No 
effect of knee angle on SO ankle moment was found, suggesting that the mechanical 
relevance of intermuscular connections may be limited for physiological conditions.

It is important to note that the experimental conditions in the study of 
Maas & Sandercock (2008) differed substantially from earlier studies (Huijing, 
2009). Because the hindlimb was kept as intact as possible in the study of Maas 
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and Sandercock (2008), the study represented more physiological conditions. 
However, only the net effect of intermuscular mechanical interaction could be 
assessed, and no direct information about tendon forces was available as acquired in 
earlier studies (Huijing, 2009). Therefore, myofascial force transmission per se could 
not be excluded. In addition, synergists of SO were passive in the study of Maas 
and Sandercock (2008), while all synergists and sometimes also antagonists were 
activated in the earlier studies (Huijing, 2009). Therefore, it was suggested that the 
absence of intermuscular mechanical interaction may be explained by the absence 
of co-activation (Maas & Sandercock, 2008). Co-activation was hypothesized to 
unfold intermuscular connective tissues (Maas & Sandercock, 2010), indicating a 
pre-stress or stiffening of connective tissues, which may facilitate force transmission 
between muscles. Although intermuscular mechanical interaction was not affected 
by antagonistic co-activation in the rat forelimb (Maas & Huijing, 2009), effects of 
synergistic co-contraction on intermuscular mechanical interaction have not been 
assessed so far.

The overall aim of the present thesis was to evaluate the mechanical relevance 
of intermuscular mechanical interaction for physiological muscle MTU length 
ranges and relative positions in rats and to assess effects of synergistic co-activation 
on the extent of such mechanical interaction.

Thesis outline
In all experiments, intermuscular mechanical interactions were assessed for 
physiological MTU lengths and relative positions. These were obtained by changes 
in ankle angle (Chapter 2), changes in knee angle (Chapters 3, 4 and 5) or proximal 
MTU length changes to simulate changes in knee angle (Chapter 6).

In Chapter 2, effects of ankle angle on the summation of 3D ankle moments 
exerted by SO and GA were assessed. As the MTU length of all plantar-flexion 
muscles changes with ankle angle, the extent of relative displacement between these 
muscles was limited. However, changes in ankle angle may affect the length of the 
shared Achilles tendon. Therefore, the goal of this chapter was also to assess if the 
Achilles tendon acts as a common elastic element.

Chapter 3 focusses on the effects of knee angle on 3D ankle moments exerted 
by SO and on the summation of SO and GA ankle moments. By imposing a set of 
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knee angle, the MTU lengths of the bi-articular GA and PL were changed, while 
the MTU length of mono-articular SO stayed constant, resulting in a proximal 
displacement of GA and PL relative to SO. Effects of knee angle on the direction 
or magnitude of the SO ankle moments as well as on nonlinear summation of SO 
and GA ankle moments were considered as expressions of intermuscular mechanical 
interaction.

The experiments of Chapter 4 were aimed at investigating the effects of knee 
angle on 3D ankle moment exerted by tibialis anterior (TA) and on the summation 
of TA and EDL ankle moments, using a similar paradigm as in Chapter 3. An 
important difference with the muscles used in Chapter 3, is that TA and EDL do not 
merge into a common tendon. By changing the knee joint angle, the MTU length 
of only the poly-articular EDL muscle was changed, while the MTU length of the 
mono-articular TA stayed constant, resulting in a proximal displacement of EDL 
relative to TA.

In Chapter 5, a study is presented in which the effects of knee angle on 
sarcomere lengths within SO and TA muscles were assessed. Not only the fiber mean 
sarcomere length was assessed, but also the within fiber distribution of sarcomere 
length. The results of these experiments were compared with FE model predictions.

Chapter 6 presents the effects of synergistic co-activation on epimuscular 
myofascial force transmission between SO, lateral gastrocnemius (LG) and PL, as 
well as the consequences of this force transmission on Achilles tendon force. This 
is the only study in which the tendons were disrupted and tendon forces were 
measured. To simulate changes in knee angle, the MTU lengths of LG and PL were 
changed proximally over a limited range. In addition, the distal tendons of SO, LG 
and PL were kept at a position corresponding to an ankle angle of 90o.

Finally, in Chapter 7, the results of the experiments described in this thesis 
are summarized and discussed.


