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Summary 

Introduction: The contribution of tendinous structures and contractile elements to movement is 

often studied separately, and their roles considered independently. However, tendons and skeletal 

muscles are integrated, and in functional movements, the mechanical properties of both affect 

how they work together to produce movement (Lichtwark & Wilson, 2007). The Achilles tendon 

(AT) and the gastrocnemius (GM) and soleus (SOL) muscles are integrated, and the AT reduces 

muscular work by contributing to the majority of length change of the muscle-tendon unit 

(MTU), storing and recovering elastic energy. The mechanical properties of the AT affect GM 

and SOL mechanical work, and thus tuning tendon stiffness could affect the behavior of GM and 

SOL muscle fascicles. 

Purpose: The purpose of this study was to examine if an exercise induced increase in AT 

stiffness affect GM and SOL fascicle behavior by reduction of shortening amplitude and 

contraction velocity. It was aimed to increase tendon stiffness while minimizing adaptations of 

the muscles. 

Methods: 11 healthy individuals (age 25.7 ±4.2 years) formed the training group, and trained 

explosive isometric one-legged calf raises three times a week for 10 weeks. 10 controls (age 29 

±3.7 years) did not change their training habits during this period. Measurements of mechanical 

properties of the AT and resting muscle architecture of the GM was performed as well as 

visualization of the GM and SOL muscles during running using ultrasonography. Kinematics and 

kinetics of the hip and right leg was also measured during running. 

Results: The TG increased AT tendon stiffness by ≈18% (P = 0.0009) and maximal 

plantarflexion torque by ≈15% (P = 0.0013), while the control group showed no change. 

Shortening amplitude and contraction velocity of GM and SOL fascicles showed no change in 

either group. The TG increased GM pennation angle change (P = 0.0073) and architectural gear 

ratio (AGR) (P = 0.015), while the control group showed no change.  

Conclusion: Fascicle behavior did not change in the way expected. However, GM pennation 

angle change increased, thus increasing muscle shortening and AGR of the GM. As shortening of 

the muscle increased and a trend of increased dorsiflexion and lengthening of the MTU and EE 

was observed, EE strain may have increased, thus increasing utilization of elastic energy. 
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Introduction 

The primary function of human skeletal muscle, from a mechanical point of view, is to convert 

chemical energy into mechanical energy to generate force and power (Frontera & Ochala, 2015). 

The Gastrocnemius and Soleus muscles are pennate muscles located posterior in the calf, 

contributing a substantial amount of force for propulsion in running (Farris & Sawicki, 2012). 

The primary function of the human tendon is to transfer force produced by skeletal muscles to 

the human skeleton, to control and create movement of the joints (Witvrouw, Mahieu, Roosen, & 

McNair, 2007). The AT is the largest, thickest and strongest tendon in the human body 

(Benjamin, Kaiser, & Milz, 2008) (Doral et al., 2010), and is subject for substantial loads during 

running, with tensile forces having been measured to range from 3100-5330 N (Giddings, 

Beaupre, Whalen, & Carter, 2000; Scott & Winter, 1990). 

The contribution of tendinous structures and contractile elements (CE) to movement is often 

studied separately, and their roles considered independently. However, tendons and skeletal 

muscles are integrated, and in functional movements, the mechanical properties of both affect 

how they work together to produce movement (Lichtwark & Wilson, 2007). 

Running involves a stretch-shortening cycle of the muscle tendon unit (MTU) consisting of the 

Achilles tendon (AT) and the triceps surae (TS) muscles, located in the calf. During running, the 

AT and aponeurosis act as an energy conservator, storing elastic energy while lengthening and 

returning energy to the MTU during recoil (Cavagna, Saibene, & Margaria, 1964). Because 

elastic energy does not require production of ATP, the contribution of elastic energy from the 

tendon will contribute to increase running efficiency. 

Like skeletal muscle, tendons also undergo adaptations to training stimuli. It has been shown that 

the stiffness of tendons increase with increased mechanical loading achieved through various 

forms of resistance training (Wiesinger, Kosters, Muller, & Seynnes, 2015). It has been 

suggested that variations in AT stiffness could affect the tendons capacity for storage and return 

of elastic energy to the triceps surae MTU, and thus affect running efficiency. 

The mechanical and material properties of the AT have also been shown to modulate the time 

course of triceps surae muscle mechanical work (Albracht & Arampatzis, 2013; Lichtwark & 

Wilson, 2005a, 2006, 2007, 2008). It has been suggested that an increase in tendon stiffness will 
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reduce the extent of fascicle shortening and lowering contraction velocity. This would have 

implications for the amount of muscle volume being activated due to the nature of the force-

velocity relationship of skeletal muscle (Hill, 1938). A reduction in contraction velocity would 

require activation of a smaller muscle volume to produce the same amount of force. A reduction 

in shortening of the fascicles will also reduce muscular work (Albracht & Arampatzis, 2013). 

Thus, tuning the stiffness of the AT could have the potential of reducing mechanical work of the 

attached muscles, and thus increase muscle efficiency. 

Does the AT have an optimal stiffness to maximize work efficiency of the triceps surae during 

running? Lichtwark & Wilson (2007) report that optimal AT stiffness is equal to, or slightly 

higher than the average AT stiffness of a normal population. 

Albracht & Arampatzis (2013) addressed the issue, examining how an exercise induced increase 

in AT stiffness affect gastrocnemius mechanical work. How increased AT stiffness affect Soleus 

mechanical work remains unexplored. 

The intent of this master thesis is to examine how an increase in AT stiffness induced by training 

explosive isometric calf raises will affect the behavior of the medial gastrocnemius (GM) and 

soleus (SOL) muscle fascicles in running. 

We hypothesise that: 

1. An exercise induced increase in Achilles tendon stiffness will reduce the contraction 

velocity of the gastrocnemius and soleus muscle fascicles during stance in running 

2. An exercise induced increase in Achilles tendon stiffness will reduce the shortening 

amplitude of gastrocnemius and soleus muscle fascicles during stance in running 
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Theory 

Human skeletal muscle 

The primary function of human skeletal muscle, from a mechanical point of view, is to convert 

chemical energy into mechanical energy to generate force. The main function of the force 

generated by the muscles is to maintain posture and produce movement. 

At the whole-muscle level, the muscle is surrounded by connective tissue, the epimysium. 

Within the whole muscle, muscle fibers are then arranged in smaller bundles also surrounded by 

connective tissue (perimysium). At the level of a single muscle fiber, the fiber is surrounded by a 

cell membrane, the sarcolemma (Frontera & Ochala, 2015). 

 

 

Figure 1 

Illustration of the hierarchical architecture of skeletal muscles (Frontera & Ochala, 2015). 

 

The bundles of muscle fibers surrounded by perimysium are known as muscle fascicles. The 

architecture of muscle fascicles vary between muscles, depending on the function and tasks the 

muscle is meant to perform. Architecture type is defined by the direction of the muscle fascicles 
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relative to the force-generating axis. Muscles with parallel architecture have muscle fascicles that 

are oriented along the force-generating axis. Muscles with this type of architecture consist of 

long muscle fascicles with a large number of sarcomeres in series and are suited for performing 

contractions at high speed, generating fast movement. 

Pennate architecture is found in muscles where the orientation of the muscle fascicles is at an 

angle with the force-generating axis. The angle between the fibers and the force-generating axis 

is called the pennation angle. Pennate muscles exist as unipennate, bipennate or multipennate. 

Unipennate muscles have the muscle fibers oriented at an angle, all at the same side of a sheet of 

connective tissue called the aponeurosis. Bipennate muscles have fibers attached on both sides of 

an aponeurosis in the middle of the muscle. Multipennate muscles have fibers oriented at 

multiple angles relative to the force generating axis that are attached to several aponeuroses 

within the muscle. The architecture of pennate muscles allows for more muscle fibers within the 

volume of the muscle. This results in a larger physiological cross sectional area in relation to 

anatomical cross sectional area, increasing maximal force production per muscle volume. 

Another consequence of pennate architecture is a shorter fascicle length than in muscles with 

parallel architecture. A short fascicle length is beneficial for economical force production, but at 

the expense of the ability to produce force at high contraction velocities. Thus, pennate muscles 

with a short fascicle length are economical and have a high force-producing capacity per volume, 

but have a limited capacity to produce high force at fast contraction velocities (Marco Narici, 

1999)(Zatsiorsky & Prilutsky, 2012) (McGinnis, 2013). 

 

https://www.sciencedirect.com/science/article/pii/S1050641198000418?via%3Dihub#!
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Figure 2 

Illustration of muscles with fusiform, parallel and pennate architecture (Nishihara et al., 2012) 

The medial gastrocnemius muscle (GM) further examined in this master thesis, is a unipennate 

muscle. The GM is attached to the medial condyle of the femur and runs down on the medial 

side of the calf where it forms a common tendon with the soleus, the AT. The soleus (SOL) 

muscle also examined in this thesis is located deeper in the calf, beneath the GM. The SOL 

muscle is a multipennate muscle that attaches just below the knee and runs down to form the AT, 

common with the GM muscle. 
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Figure 3 

Ultrasonographic image of the triceps surae muscles, including the gastrocnemius medialis (GM), gastrocnemius lateralis (GL) 

and the soleus (SO) muscles. (Foure, Nordez, McNair, & Cornu, 2011) 

 

The GM muscle is a biarticulate muscle, performing flexion of the knee and plantar flexion of 

the ankle. The SOL muscle’s function is plantar flexion of the ankle. Studies examining the 

distribution of  net positive power produced over the hip, knee and ankle during running, find 

that the muscles creating power over the ankle joint is responsible for >40% of total net positive 

power production (Farris & Sawicki, 2012), showing that the plantar flexors are a major 

contributor of propulsive forces during running. The complexity of demands that the GM and 

SOL muscles needs to meet during running make their properties of great importance for running 

efficiency. 

The GM and SOL muscles is faced with a tricky challenge. During running, they need to produce 

a substantial amount of force, fast, because of the limited amount of time the foot spends on the 

ground. At the same time they are desired to be as economical as possible, requiring short muscle 

fascicles (Lichtwark & Wilson, 2008). 
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Muscle gearing 

Though pennate muscles like the GM and SOL does not have a large number of sarcomeres in 

series suited for fast contraction speeds, they have a means for being able to perform fast 

contractions of the muscle. During contraction of a pennate muscle, the pennation angle changes 

to a more obtuse angle relative to the force generating axis (FGA). Muscle fiber rotation relative 

to the FGA contributes to the shortening of the whole muscle belly, reducing the demand for 

high contraction speeds within the fascicles. The ratio between the contraction velocity of the 

whole muscle belly and the velocity of the fascicles is known as muscle architectural gear ratio 

(AGR). AGR varies between muscles with different fiber architectures. Muscles with parallel 

architecture have close to equal fascicle and whole- muscle contraction velocity during 

contraction. Pennate muscles show a different relationship. Because of the angle of the fibers 

relative to the FGA, the whole muscle belly will shorten less per unit of shortening of the 

fascicles. Fiber rotation in pennate muscles will shift this relationship towards more muscle 

shortening per fascicle shortening. Increased fiber rotation is synonymous with an increased 

AGR. “The magnitude of fiber rotation, and therefore gear ratio, depends on how the muscle 

changes shape in the dimensions orthogonal to the muscle's line of action” (Azizi, Brainerd, & 

Roberts, 2008)  (Dick & Wakeling, 2017).  

It has been suggested that AGR can vary within the same muscle. Depending on the type of 

contraction being performed, pennate muscles show different changes in muscle-shape during 

contraction, resulting in a different extent of change in pennation angle (fiber rotation). It has 

been found that dynamic muscle-shape changes cause increased fiber rotation at low forces and 

less fiber rotation at high forces. The mechanism behind variations in muscle-shape changes 

dependent on contraction force is unclear. It has been suggested that it is a product of 

intramuscular forces and their pressure on connective tissues within the muscle. This means that 

for high-load, slow contractions, the pennation angle will change less. This would be beneficial 

as the fascicles will be able to handle the relatively low demands for contraction speed, and the 

direction of the force produced by the contractile elements will be directed at a smaller angle 

relative to the FGA, transferring a larger percentage of the force in the FGA direction. For low-

load fast contraction, dynamic muscle-shape changes promote pennation angle changes to a 

greater extent. This will reduce the maximal capacity to generate force along the FGA because of 

a more obtuse pennation angle throughout contraction. On the other hand, it allows the muscle 
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fascicles to operate at lower contraction speeds because of the contribution of fiber rotation to 

the shortening of the whole muscle belly. A higher AGR  leaves the pennate muscle able to 

produce a greater amount of force at higher contraction velocities (Azizi et al., 2008). 

 

 

Figure 4 

Illustration of how a pennate muscle display varying dynamic muscle-shape changes during different types of contractions, 

resulting in more (B) or less (C) fiber rotation (Azizi et al., 2008) 

Tendons 

Tendons are fibrous tissue attached to a muscle on one side and the skeleton on the other side, 

transferring force produced by the muscle to the skeleton to produce movement and/or stability 

over joints (Thorpe & Screen, 2016). Tendons consist of extracellular substance, cells and water. 

55-70% of the content in tendinous tissue is water. Extracellular substance consists of collagen, 

elastic fibers and ground substance. Ground substance consists of glycoproteins, plasma proteins 

and proteoglycans. Proteoglycans are responsible for binding water to the extracellular 

substance, giving the tendon its viscous properties. Type 1 collagen make up the majority of 

collagen in the tendon (≈60%). 

In much the same way as muscles, the tendon consists of bundles of fibers arranged in a 

hierarchical fashion. The largest bundles of fibers are called tertiary bundles. Tertiary bundles of 
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fibers consist of several secondary bundles that in turn consist of primary bundles of fibers. The 

primary bundles consist of collagen fibers. Collagen fibers are made up of collagen fibrils that in 

turn are made up of triple-threaded collagen molecules, containing three collagen polypeptide 

chains. The majority of the tendons dry mass is collagen (60-85%) (Kirkendall & Garrett, 1997; 

Kjaer, 2004). 

 

Figure 5 

Illustration of a tendons hierarchical architecture and attachment to muscle and bone (a) as well as microscopic view if collagen 

fibrils (c), collagen fiber (d) and type 1 collagen (e). (Nourissat, Berenbaum, & Duprez, 2015) 

 

Elastic fibers make up 1-2% of the dry mass of the tendon. These fibers have been suggested to 

have the function of resetting the collagen fibers to their original structure after muscle 

contractions. The structure of the collagen fibrils is three dimensional, being oriented in both the 

longitudinal, transversal and horizontal plane relative to the muscle force. Because of this three 

dimensional structure, tendons are capable of absorbing both longitudinal, horizontal, transversal 

and rotational forces applied during different types of locomotion (Kannus, 2000) 
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Material and mechanical properties of tendons 

In addition to functioning as a force transmitter from the muscle to the skeleton, tendons have 

material and mechanical properties that optimize human movement. An elastic property is 

defined by an object being able to return to its original form after undergoing deformation. A 

viscous property, on the other hand, is defined as an object not returning to its original form after 

deformation. Tendons exhibit both of these properties, making tendons a viscoelastic material. 

The elastic properties of tendons allow them to stretch, and store elastic energy in the process. 

The elastic energy is released during recoil, as the tendon returns to its original length. 

 The viscoelastic properties of tendons results in the relation between forces applied to the 

tendon, and tendon deformation not being linear throughout an elongation from original length 

to, ultimately, failure. At the start of deformation, less force is required to stretch the tendon a 

given length. This is known as the toe-region (≈2% of elongation). Less force is required to 

stretch the tendon in the toe-region because the fibers are being stretched from a wave-like form.  

When the fibers are stretched into a straight form, the tendon will enter the linear region, where 

the relation between force applied and deformation is consistent (≈2-4% of elongation). As 

stretch of the tendon continues beyond 4% of elongation, the tendon enters the plastic region, 

where the stretch is too much for the tendon to go back to its original length. In this region, 

micro ruptures of fibres can occur. If the tendon reaches an elongation beyond 8%, macro 

ruptures can occur. Elongation beyond 8% puts the tendon at risk of a complete rupture (Doral et 

al., 2010; Maganaris, Narici, & Maffulli, 2008). 

 

Measurements 

The length (cm), elongation (cm), and cross-sectional area (mm
2
) of the AT can be measured by 

ultrasound. These measurements have been used in numerous previous studies to calculate the 

stiffness, stress and strain of the AT (Albracht & Arampatzis, 2013; Lichtwark & Wilson, 2005b, 

2006). 

 Tendon stiffness = ∆Force / ∆Elongation 

 Stress = Force / Area 

 Strain = Elongation / Original Length 
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Assuming identical material properties and moment arm of the AT, a tendon with a lower CSA 

will be more compliant than one with a higher CSA. Applying the same force to these identical 

tendons would result in more elongation of the tendon with a lower CSA. 

The material properties of a tendon vary between individuals, affecting tendon stiffness. The 

stress (force/area) - strain (elongation/initial length) curve is called Young’s Modulus and 

reflects the material properties of the tendon, making it possible to compare tendons of varying 

length and CSA. The slope of the curve will describe the material stiffness, a steeper slope 

reflecting a stiffer material of the tendon. Tendon stiffness is usually measured in the linear 

region and is affected by the tendons length, CSA and material properties. 

 

Figure 6 

Stress – strain relationship (Young’s Modulus) of tendons (Robi et.al, 2013) 

Measurements of the tendons material and mechanical properties 

To calculate the material and mechanical properties of tendons, the CSA, length and deformation 

needs to be measured. The force causing the deformation of the tendon also needs to be 

measured and synchronized with the deformation. 
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In vitro 

These parameters have historically typically been measured in vitro. In vitro measurements 

involve taking biopsies of tendons. The biopsies are stretched with a known force, and fascicles 

of the tendons are examined with a stereomicroscope, or by atomic force microscopy. Tendons 

have been shown to not have a uniform stiffness along their entire length, and in vitro 

measurements have the advantage over in vivo measurements of being able to measure the 

tendons stiffness at different locations along the tendons length. In vitro measurements also have 

the advantage of more precisely measuring the force acting on the tendon as the tendon is 

stretched with a known force. Biopsies have to be treated and stored in various ways before 

performing measurements. This could change the mechanical properties of the biopsy as 

compared to its actual properties in vivo, highlighting a disadvantage concerning in vitro 

measurements. 

 

In vivo 

These parameters have since 1995 been examined in vivo using ultrasound. In vivo 

measurements are most often done with B-mode ultrasonography, with subjects performing 

isometric ramped contractions where change in the deformation of the tendon (using ultrasound) 

and isometric torque are synchronized (Arya & Kulig, 2010; Reeves, Maganaris, & Narici, 

2003). Tendon force is calculated during ramped isometric contractions, and is a product of the 

externally measured joint moment, the internal moment arm and taking into account the co-

activation of antagonist muscles. In vivo measurements of tendon mechanical properties have 

shown a greater variance than cadaveric studies. The reason for this is suggested to be a large 

variance in methodological approaches. Depending on the methodological approach of choice, 

there are potential sources of error. Because ultrasound transducers have a limited field of view, 

a common approach of measuring deformation of the tendon is to visualize the displacement of 

only the myotendinous junction, assuming that the displacement of the distal tendon insertion is 

negligible, introducing a potential source of error. Most studies use two dimensional ultrasound 

scanning that captures tendon deformation only in the longitudinal direction. However, tendons 

are three dimensional structures that undergo deformation in all three dimensions. Not taking 

into account the three dimensional structure and deformation of tendons leads to an 
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underestimation of tendon length and an overestimation of length change of the tendon. In 

contrast to in vitro measurements, where the tendinous structure is stretched with a known force, 

in vivo measurements rely on estimations of forces acting on the tendon. To estimate the force 

exerted on the tendon, the internal moment arm is also estimated. This is done in various ways, 

all having limitations and potential sources of error (Seynnes et al., 2015). 

However, in vivo measurements of tendon mechanical properties has been shown to be reliable 

when taking the proper precautions are taken. The introduction of a non-invasive in vivo 

measurement method makes it possible to examine tendon mechanical properties during real-life 

physiological conditions, a big advantage for gaining understanding of tendon function in a large 

spectrum of real-life locomotion (Seynnes et al., 2015). 

 

Adaptation to mechanical stress 

Tendons, being a passive structure, have historically been believed not to undergo adaptation to 

mechanical stress (MS).  Different levels and type of activity has been shown to result in large 

variations in cross sectional area and traits of skeletal muscle. It would be logical to assume that 

tendons attached to the muscle would need to undergo adaptation reflecting those of the muscle 

to meet the demands of the stimuli being inflicted. Specific traits of the muscle are optimal for 

different athletic endeavors and it would be natural to assume the same applies for tendinous 

tissue. Tendinous tissue has been shown to have a significantly lower metabolic rate than skeletal 

muscle (Boushel et al., 2000), and as a consequence tendons undergo adaptation to MS 

significantly slower than skeletal muscle. Insufficient duration of intervention studies could be a 

reason for the early assumptions that tendinous structures remain unaffected by training stimuli. 

 

Even though tendons have a low metabolic rate and limited vascularity, they undergo material, 

mechanical and morphological changes when exposed to increased MS. In studies in recent years 

using ultrasonography, tendons have been shown to respond to training, undergoing changes in 

their material and mechanical properties (Arampatzis, Karamanidis, & Albracht, 2007; K. Kubo, 

Ikebukuro, Yata, Tsunoda, & Kanehisa, 2010b).  
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“Mechanical load induced as cyclic strain, imposed externally to fibrous connective tissues such 

as tendons, may induce several signals at the extracellular matrix. This happens through 

mechanotransduction pathways affecting the anabolic as well as the catabolic responses” 

(Arampatzis et al., 2007). 

 

Tendons respond to increased loading by increasing collagen synthesis (Langberg, Rosendal, & 

Kjaer, 2001; Langberg, Skovgaard, Petersen, Bulow, & Kjaer, 1999). An increase in enzymes in 

the extracellular matrix controlling collagen turnover, as well as an increased expression of 

growth factors has also been observed. Collagen molecules that are synthesized in this process 

are then believed to be added to the existing fibrillar structure. This way, the tendon is able to 

change material and mechanical properties to meet the demands of the amount and type of 

loading they frequently are exposed to. 

 

Increased tendon stiffness could be the result of both changes in the tendons material properties 

and a larger tendon cross sectional area (CSA). A meta-analysis conducted by Wiesinger et al 

(2015), including thirty-five peer reviewed articles found evidence that tendons respond to 

increased MU with increased stiffness as early as after 6-8 weeks. Short term adaptations of 

increased stiffness were often accompanied by an increase in young’s modulus, without any 

increase in the tendon CSA. This indicates that increased tendon stiffness as a result of a short-

term training intervention (weeks) of increased mechanical loading results primarily from 

changes in material properties. Increasing the CSA of a tendon seems to be a slower process than 

changing material properties. Some training studies have reported tendon hypertrophy, but not on 

a large scale (≈ 5%). To achieve significant hypertrophy of the tendon requires years of 

systematic loading. This is indicated by athletes performing sports with significant loading of 

tendons over a number of years showing as much as a 20% larger CSA than control subjects 

(Wiesinger et al., 2015). 

Tendon morphology and function 

Tendons exist in various sizes and shapes in the human body. Looking at the morphology of 

different MTU’s in the human body, it becomes apparent that they are highly specialized for the 

tasks they are meant to perform. In general, tendons located more proximally in the lower limbs 
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make up a relatively small part of the MTU’s total length. Tendons in these types of MTU’s have 

little capacity for deformation, and thus little capacity of elastic energy storage. Their specialty 

and primary function is to effectively transfer force produced by the attached muscle to the 

skeleton to produce movement (Farris & Sawicki, 2012). 

Tendons located more distally in the lower limbs show different characteristics. In general they 

are more compliant, longer, and make up a larger part of the MTU’s total length. MTU’s located 

distally in the lower extremities need to be versatile and meet the demands of a broad range of 

locomotion. Having a long, compliant tendon that makes up a large part of the MTU contributes 

to versatility and ability to meet these demands (Doral et al., 2010).  

 

The viscoelastic properties of tendons are essential to perform functional tasks. These tasks 

include absorption of energy to protect the muscles from doing too strenuous work during 

landing tasks (Werkhausen et al., 2017). Tendons also work as power amplifiers when jumping, 

utilizing force produced from the attached muscles to store elastic energy in the lengthening 

phase, and returning energy to the MTU when the length of the muscle is too short for optimal 

force production (Sawicki, Sheppard, & Roberts, 2015). Tendon elasticity has also long been 

suggested to reduce the energy cost of locomotion involving a stretch-shortening cycle 

(Cavagna, Heglund, & Taylor, 1977).  
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Figure 7 

Illustration of the TS MTU performing energy conservation (A), Power amplification (B) and Power attenuation (C) (Roberts & 

Azizi, 2011) 

 

The MTU consisting of the Achilles tendon (AT) and the triceps surae (TS) muscles is an 

example of this. The AT further examined in this master thesis origins from the soleus and 

gastrocnemius muscle posterior in the calf, and attaches at the calcaneus. The primary function 

of the AT is to transfer force from the triceps surae muscles to the calcaneus, performing plantar 

flexion of the ankle. Due to the viscoelastic properties of the AT and aponeurosis, it is 

multifunctional, and provides several critical functions during human locomotion (Egger & 

Berkowitz, 2017). The AT is the largest, thickest and strongest tendon in the human body 

(Benjamin et al., 2008) (Doral et al., 2010), and is subject for substantial loads during running, 

with tensile forces having been measured to range from 3100-5330 N (Giddings et al., 2000; 

Scott & Winter, 1990). The length of the AT ranges from 110-260mmand its shape changes in 

the longitudinal direction. At the proximal insertion, the AT is broad and flat, and it becomes 

thinner towards its mid-portion, where it has more of a cylindrical shape. Distally, it becomes 

broader again until its insertion at the calcaneus (Doral et al., 2010). The AT makes up a large 

part of the total length of the TS MTU is responsible for the majority of the MTU’s length 

change during activities that involve a stretch shortening cycle. 
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During running, the AT acts as an energy conservator, storing elastic energy while lengthening 

and returning the stored energy to the MTU when shortening. Because this energy does not 

require production of ATP, the energy conservation performed by the AT will contribute to an 

increased running efficiency (Wilson & Lichtwark, 2011). 

 

Figure 8 

Illustration of the Triceps Surae MTU (Stadnick, M.E, 2016) 

 

Muscle-Tendon interaction and running 

Studies examining the behavior of the fascicles of the gastrocnemius muscle (GM) during 

running find that the GM fascicles are continuously shortening during the stance phase, while the 

tendon and the whole muscle-tendon unit lengthened during the first half of stance (Ishikawa, 

Pakaslahti, & Komi, 2007; Lichtwark, Bougoulias, & Wilson, 2007). This implies that work 

done by the muscles as well as potential and kinetic energy of the human body are stored within 

the tendon during the first phase of stance. In theory, a more compliant AT would store and 

return more elastic strain energy, which is beneficial for running efficiency. Consequently, it 

could be argued that tendon stiffness higher than what is required for a certain running speed 

could be detrimental for running efficiency (Albracht & Arampatzis, 2013; Lichtwark & Wilson, 
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2008). Several studies have examined the relation between tendon stiffness and running 

economy and performance. The results are conflicting, with some studies showing a stiffer 

tendon to be beneficial for performance or economy (Albracht & Arampatzis, 2013; Fletcher, 

Esau, & MacIntosh, 2010), while others show a more compliant tendon to be more beneficial 

(Keitaro Kubo, Miyazaki, Shimoju, & Tsunoda, 2015). Of these studies, Albracht & Arampatzis 

2013 is the only one considering behavior of muscle fascicles (GM). A fundamental difference 

between these studies is that some are examining the relationship between tendon stiffness and 

performance over a certain distance (Kubo et al 2015), while the remaining studies examine the 

relationship between tendon stiffness and running economy at predetermined running speeds. 

Only Albracht &Arampatzis (2013) have performed a training intervention with the intent of 

increasing tendon stiffness, while the other studies are cross-sectional, measuring tendon 

stiffness and running economy in one session. Treating the tendons abilities to utilize elastic 

energy alone do not work very well when the context is a real-life movement like running. The 

AT acts as a part of the MTU, and optimal tendon stiffness for maximizing running efficiency in 

a real-life context does not only concern the AT’s ability to store and return elastic energy alone, 

but also how the properties of the AT affect the mechanical work of the attached muscles. 

Assuming the same forces are acting on the tendon and morphology of the muscle-tendon unit 

being the same, a stiffer tendon and aponeurosis would experience less strain, leading to a 

decrease in shortening of the fascicles and therefore a decrease in work performed by the 

muscles. Consequently, fascicle shortening velocity would also be reduced. The work performed 

by the muscles would then be more efficient due to the nature of the relationship between force 

production and contraction speed of the muscles (Hill 1938). 
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Figure 9 

Illustration of the Force – velocity relationship of skeletal muscle (“Muscle force – velocity relationship”, 2014) 

 

As contraction speed decreases, a smaller amount of muscle fibers recruited would be required to 

produce the same amount of force. Assuming the hysteresis of the tendon stays the same, the 

energy loss would be less in a stiffer tendon and aponeurosis. It could therefore be argued that a 

stiffer tendon and aponeurosis would increase running efficiency by reducing muscular work and 

reducing energy loss (Albracht & Arampatzis, 2013). 

 

In general, less sarcomeres in series i.e. a shorter muscle fascicle is more optimal for minimizing 

activation cost (Lichtwark & Wilson, 2008). At the same time, the muscle fascicle needs to be 

long enough to produce the enough force at the shortening velocities required by the movement 

at hand. A trade-off between these two attributes exists in muscles that are required to perform 

fast contractions to produce movement and at the same time are desired to produce the 

movement as energy efficient as possible. This situation applies for the muscles of the triceps 

surae during endurance running. Even at submaximal speeds, the foot has ground contact for a 

limited time, requiring the muscle to produce force at high shortening velocities. At the same 

time, the movement is desired to be as energy efficient as possible, requiring the muscle to 

minimize activation cost (Lichtwark & Wilson, 2008). 
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To provide a better understanding of the integration of muscles and tendon structures, 

computational modelling has been used to gain understanding of how the two structures would 

affect each other if their mechanical properties are altered (Lichtwark & Wilson 2008). As 

opposed to traditional cross-sectional or intervention studies, using modelling allows for 

immediate manipulation of the mechanical properties of both tendinous structures and the 

attached muscles. As examined by Lichtwark & Wilson 2008, tendon stiffness  alter the muscles 

mechanical work, but different degrees of tendon stiffness could have different consequences 

depending on the fascicle length of the muscle attached to the tendon. It is suggested that the 

optimal stiffness of the tendon for efficiency is dependent on the fascicle length of the attached 

muscle and vice versa. A longer muscle fascicle would in general require a stiffer tendon for 

optimal efficiency, and a shorter muscle fascicle would require a more compliant tendon. The 

optimal relationship is also affected by the speed of running. Faster running would in general 

require a stiffer tendon and a longer fascicle, while running at slower speeds would require a 

more compliant tendon and a shorter muscle fascicle to maximize muscle efficiency (figure 10) 

(Lichtwark & Wilson, 2008).  
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Figure 10 

Illustration of the relationship between tendon stiffness, medial gastrocnemius (MG) fascicle length and muscle efficiency at 

different speeds (Lichtwark & Wilson, 2008) 
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Methods 

Twenty-one healthy individuals participated in the study after giving informed consent to the 

experimental procedure, complying with the rules of the Helsinki-declaration and the ethical 

committee of the Norwegian School of Sport Sciences. Subjects recruited to the training group 

(TG) were required to have a training history of no strength training for the calves. No 

restrictions were put on the training history of the subjects participating in the control group 

(CG). Eleven healthy participants (mean, ±SD), age 25,7 ±4,2 years, height 174,2 ±9,7 cm, and 

body mass 70 ±9,8 kg were recruited to the TG. The remaining ten participants formed the CG, 

age 29 ±3,7 years, height 176,7 ±9,8 cm, and body mass 72,3 ±9,4 kg. The TG performed 

explosive isometric calf raises for a period of 10 weeks, while the CG did not change their 

training habits during this period. The subjects were tested before and after the training 

intervention in one testing session. The testing session included the following measurements, 

which are described in detail later: 1: Mechanical properties of the MTU. 2: Resting muscle 

architecture of the GM (fascicle length, pennation angle and muscle thickness) and the AT (CSA 

and length) with the ankle joint in the anatomical neutral position (0
о
)). 3: Kinetics and 

kinematics of the hip and the right lower extremity during running as well as ultrasound imaging 

of the Gastrocnemius (GM) and the Soleus (SOL) fascicles and aponeurosis muscle during 

running. The CG performed the same tests as the TG.  

Exercise protocol 

The participants in the TG trained single-legged explosive isometric calf raises 3 times per week 

for a period of 10 weeks. The calf raises were performed in 4 sets of 10 repetitions each (1s 

loading, 5s relaxation). Prior to contraction, the ankle was slightly dorsiflexed, the knee joint 

fully extended, and the hip joint at 0
о
.  The participants performed each plantar flexion to 80% of 

their maximal voluntary contraction (MVC). MVC’s were performed every third training 

session, and the load of the repetitions was increased as the strength of the subjects progressed 

during the training period. Repetitive isometric ankle plantarflexion contractions were chosen to 

induce cyclic strain on the TS tendon and aponeurosis (Arampatzis et al., 2007) and increase 

Achilles Tendon stiffness. Explosive contractions with a limited duration was chosen to 

minimize muscle hypertrophy by reducing time under tension as compared to classical dynamic 
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training with added load.  The small operating range around anatomical position during 

contractions was chosen to avoid changes in sarcomeres in series pre to post intervention. 

 

Figure 11 

Illustration of the apparatus used for the exercise intervention (Werkhausen, 2018) 

Mechanical properties of the Achilles tendon 

First, the subjects performed a 5 min warm up, running barefoot on a treadmill at personally 

preferred speed before further measurements. Resting muscle architecture was imaged by 

ultrasound (LS 128 Telemed, Vilnius, Lithuania). Images were taken with the subjects lying 

prone with the hip, knee and ankle joints in anatomical neutral position. Thickness, fascicle 

length and pennation angle of the gastrocnemius medialis (GM) and soleus (SOL) muscles were 

measured offline with software for image analysis (ImageJ, National Institutes of Health, 

Bethesda, USA). The shortest distance between the two aponeurosis at 25, 50 and 75% of the 

width of the ultrasound image was averaged and used to represent muscle thickness. A straight 

line aligned with visible muscle fascicles between aponeurosis defined fascicle length. In cases 

where fascicles exceeded the field of view, linear extrapolation of the fascicle to the aponeurosis 

was performed. The angle between the measured fascicle and the orientation of the deep 

aponeurosis defined the pennation angle. 
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The contractile strength of the plantar flexors was measured by performing 2-3 MVC’s with 1-2 

min rest between contractions. The subjects lay prone with the ankle firmly attached to a 

dynamometer (IsoMed 2000 D&R Ferstl GmbH, Hemau, Germany) in the anatomical neutral 

position (0
о
). The rotation axis of the dynamometer and ankle joint were aligned before the test. 

A solid foam pad was put under the subject’s knee to ensure the knee joint was fully extended 

during contractions. As a specific warm up, the subjects performed at least 5 submaximal 

contractions of the plantar flexors. 

To determine the Achilles tendon stiffness, a series of ramp-contractions was performed. 

Ultrasound scans (LS128, Telemed, Vilnius Litauen, framerate 80 Hz) of the gastrocnemius 

myotendinous junction, plantarflexion torque (600 Hz) and marker trajectories (120 Hz) 

(Qualisys, Gothenburg, Sweden) were recorded simultaneously during contractions to estimate 

tendon stiffness. Measurements were synchronized using a trigger signal from the ultrasound 

system. To eliminate movement of the ultrasound transducer, it was fixed at the myotendinous 

junction using self-adhesive tape and elastic bands. To ensure consistent scanning when the 

muscle was bulging, a gel pad was placed between the transducer and the skin. 

Lying prone in the same position, the subjects were asked to gradually increase the torque up to 

90% of MVC. The subjects had visual aid of the slope at a loading rate of 100 N·m s
-1

 up to the 

point of 90% of MVC on a screen as they performed the contractions. Before trials were 

recorded, the subjects performed ramp contractions until they were sufficiently familiarized with 

the task. Two Qualisys super-spherical passive markers were attached to the subject’s calcaneus 

and medial malleolus. Three additional markers were attached to the ultrasound probe to know 

the location of the probe in the laboratory coordinate system and to detect any unwanted 

movement of the probe. The movement of the markers was registered by 4 cameras mounted at 

different heights and angles around the dynamometer to ensure registration of all markers 

throughout the movement. The area where subjects performed the test was calibrated using a 

calibration wand with a width of 499.7 mm before each test. 

Running measurements 

Subjects performed their running barefoot on a treadmill (Force-Link, Motek, Netherlands) 

without incline at the same speed they preferred during warm-up. 
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In total, eighteen Qualisys super-spherical passive markers were attached to the subject’s right 

leg and hips. To define the center of the hip joint, markers were placed at the left and right 

(anterior and posterior) iliac spine. The center of the knee joint was defined by markers on the 

medial and lateral condyle of the knee joint, while the centre of the ankle joint was defined by 

markers attached to the medial and lateral malleolus To define movement in the foot segment, 

markers were attached to calcaneus and the first, second and fifth head of the metatarsals. The 

thigh and shank segments were traced by marker-clusters consisting of four markers each 

attached laterally to the thigh and shank. 

The movement of the markers was registered by 15 cameras (Qualisys, Gothenburg, Sweden) 

mounted at different heights and angles around the treadmill to ensure registration of all markers 

throughout the movement. The area around the treadmill was calibrated using a calibration wand 

with a width of 749,2 mm (Qualisys, Gothenburg, Sweden) before the start of running trials. The 

system was judged properly calibrated with the criteria that the length of the calibration wand, 

which was measured by the capture system, was within 0.10 mm of the true wand length. 

The laboratory-coordinate system used for the study was set up as follows: X-axis in the medial-

lateral direction and positive pointing to the right. Y-axis in the direction of gait progression and 

positive pointing forward.  Z -axis in the vertical direction and positive pointing upward.  

Ground reaction forces were measured with a cut-off frequency of 25 N using a force platform 

integrated in the treadmill used for running trials (Force-Link, Motek, Netherlands).  

Ultrasound scans (LS128, Telemed, Vilnius Litauen, framerate 80 Hz) of the medial 

gastrocnemius and soleus muscle were recorded during running trials of at least 10 step cycles to 

visualize fascicles and aponeuroses. To minimize movement of the ultrasound transducer, it was 

placed in a custom-made holder and fixed at the medial gastrocnemius muscle belly using self-

adhesive tape and elastic bands. A trigger signal from the ultrasound system synchronized all 

measurements.  
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Figure 12 

Running in the lab on the force-plate instrumented treadmill with the ultrasound-transducer and kinematic markers attached 

 

Data analysis  

Maximal torque and tendon mechanical properties 

Filtering of marker trajectories was performed with a second order bidirectional low-pass 

Butterworth filter (cut-off frequency 15 Hz). Tracking of the GM myotendinous junction (MTJ) 

position was done offline semi-automatically by tracking the closest fascicle insertion (Tracker 

4.95, physlets.org/tracker/). A second order bidirectional low-pass Butterworth filter with a cut-

off frequency of 6 Hz was used to filter ultrasound data.  The position of the ultrasound image 

relative to the kinematic markers on the cast used to hold the ultrasound transducer was 

established by prior calibration, enabling calculation of the position of the MTJ in the laboratory 

coordinates system. The distance between the myotendinous junction and the calcaneus marker 

was used to calculate AT length during the contraction (Gerus et al., 2011). The same filtering as 

applied to the kinematic data was applied to plantarflexion torque data. Estimation of AT force 

was calculated dividing the plantar flexion torque with the internal moment arm of the AT. The 

internal moment arm was measured with a tape measure externally, using the mean 

perpendicular distance from the tendon to the midpoint between the medial and lateral malleolus. 

http://physlets.org/tracker/
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To represent the proportion of total ankle moment attributable to the triceps surae, 91% of the 

calculated tendon force was used (Dick, Arnold, & Wakeling, 2016). The torque was corrected to 

account for ankle joint rotation and gravitational forces (Karamanidis et al., 2005) using 

kinematics. The tendon force-elongation plots of three out of five trials were averaged and fitted 

with a third order polynomial, with the highest and lowest stiffness excluded. For every subject, 

tendon stiffness was calculated as the slope of the force-elongation curve between 50% and 80% 

of the maximum force level. Maximum tendon strain was measured at the maximum common 

force of pre- and post-intervention test for every subject. 

 

Running kinematics and kinetics, muscle mechanics 

Analysis of kinematic and kinetic data was done using a standard Newton-Euler inverse 

dynamics procedure (Visual 3D, C-Motion Inc., Germantown, MD, USA). Angles, moments and 

power of the hip, ankle and knee joints were expressed in the coordinate system of the respective 

proximal segment. The product of the joint moment and the joint angular velocity was used to 

calculate power of the ankle, knee and hip joints. Data was filtered with a bidirectional 1st order 

low-pass Butterworth filter with a cut-off frequency of 15 Hz (Kristianslund, Krosshaug, & van 

den Bogert, 2012). Ankle and knee joint angles was used in combination with shank length to 

estimate length of the gastrocnemius and soleus muscle tendon units based on regression 

equations for GM and SOL respectively (Hawkins & Hull, 1990). Estimation of the length of the 

elastic elements was calculated as described by (Fukunaga et al., 2001), subtracting the vertical 

fascicle length from MTU length. 

Ultrasound recordings were imported to the analysis software “Ultratrack”, where fascicle length 

and pennation angle were analyzed using a semi-automated tracking algorithm (Farris & 

Lichtwark, 2016) The length between the fascicle insertions to the superficial and deep 

aponeuroses was used to define fascicle length under the assumption that fascicle trajectory is 

linear. Linear extrapolation was employed to estimate fascicle length if the fascicle exceeded the 

ultrasound image. The angle between fascicles and the aponeurosis was used to define pennation 

angle. To calculate architectural gear ratio, the change in muscle length from touchdown to toe 

off was estimated from fascicle length and pennation angle by equation: Muscle length = 

Fascicle length · cos (pennation angle). Muscle thickness was also estimated from fascicle 
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length and pennation angle by equation: Muscle thickness = fascicle length · sin (pennation 

angle). Tracking of fascicles was attempted to be performed automatically, but a frame rate of 

80Hz and shifts in plane of ultrasound imaging as a result of muscle bulging did not allow for 

this. Thus, manual correction of fascicle and aponeurosis tracking, frame-by-frame, was 

performed for all subjects. Modification of the tracking software was made, allowing the 

examiner to use keyboard buttons instead of the mouse to choose manual correction of upper- or 

lower fascicle insertion. This enabled the examiner to keep the eyes focused on the area of 

interest when correcting, potentially increasing the accuracy of tracking. 

 

 

Figure 13 

Ultrasound imaging of  the gastrocnemius (GM) and soleus (SOL) muscles and aponeurosis. PA = pennation angle 
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Data reduction and statistical analysis 

Analysis of changes in variables of interest during running was performed over the entire period 

of the stance phase (touchdown to toe off), or at relevant events/periods of stance. Events of 

interest include maximal values of length, velocity and moment. Periods of interest consist of 

sub-phases corresponding to lengthening and shortening of the MTU and elastic elements (EE) 

during stance. All time series data were resampled over 101 points. After visual inspection of 

variables of interest, step cycles that were strongly deviating from the pattern of most cycles 

were excluded. On average for all subjects, 8.8 out of 9.2 step cycles were included for analysis.  

A repeated-measures, two-way ANOVA with factors time of testing (pre - post training) and 

group (training group - control group) was used to test differences in kinematics, joint moments, 

, fascicle behavior of the GM and SOL (length, pennation angle and velocity), MTU (length and 

velocity) and EE (length and velocity). In tests where significant main effects or time by group 

interactions were found, Sidaks post hoc test was employed.  Statistical significance was set to P 

˂ 0.05. Results are presented as mean ± standard deviation in the text. 
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Results 

Maximal voluntary contraction (MVC), tendon stiffness and strain 

After the 10-week training intervention, the TG showed a significant increase in maximum 

voluntary ankle plantarflexion joint moment of ~15% (P = 0.0013), while the control group 

showed no change pre to post intervention. Achilles tendon stiffness for the TG increased 

significantly by ~18% (P = 0.0009), while the control group showed no change. AT strain 

decreased by ~9% for the TG, but the results did not reach statistical significance (P = 0.1764). 

The CG showed no change in AT strain (figure 14, table 1). 

Figure 14
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Values pre and post intervention for Achilles tendon stiffness (top-left), Achilles tendon strain (top-right) and 

maximal voluntary contraction (MVC) of the plantarflexors (bottom-left).  
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Table 1: 

Mechanical properties of the muscle tendon unit determined during maximal and ramp contractions.  
 

 Training group Control group 

 Pre-training Post-training Pre-training Post-training 

Max. PF moment (Nm) 172 ± 50.0 198 ± 50.7** 169.6 ± 48.9 179.7 ± 59.2 

AT stiffness (N/mm) 386.1 ± 152.8 457 ± 146.9*** 364.8 ± 118.0 351.2 ± 119.9 

AT strain (l1/l0) 3,71 ± 0,86 3,40 ± 0,50 3,36 ± 1,22 3,22 ± 1,25 

Values are mean ± SD 

max. maximum value 

PF = Plantar flexion, AT= Achilles tendon 

* Significantly different from pre-training value (p<0.05) 

** Significantly different from pre-training value (p<0.01) 

 

Kinematics, joints moments and ground reaction force 

No significant change in either group was found in running kinematics after training with regard 

to ankle dorsiflexion and plantarflexion, knee flexion and extension and hip extension during 

stance (figure 15). Worth noting, the TG showed a trend of greater dorsiflexion of the ankle from 

touchdown to the point of peak dorsiflexion (P = 0,0792), while the CG showed no change in 

ankle kinematics (figure 15). 

Neither the peak joint moments of the ankle, knee and hip (figure 15), nor the peak ground 

reaction force (figure 16, table 2) or impulse (table 2) of either group show any change from pre 

to post intervention. 
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Figure 15 

Average values of the ankle, knee and hip joint angles (top) and moment (bottom) during the stance phase of running before (pre) 

and after (post) the training intervention for the training group (TG) and control group (CG). The horizontal axis is normalized to 

the stance phase, where 0 % corresponds to touchdown and 100 % to take-off. For the ankle joint angle, positive values 

correspond to a dorsiflexed position and negative values to a plantar flexed position. For the knee, positive values correspond to 

an extended position and negative values to a flexed position. For the hip, positive values correspond to a flexed position and 

negative values to an extended position. 
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Figure 16
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Average values of Ground Reaction Force (GRF) during the stance phase of running before (pre) and after (post) the training 

intervention for the training group (TG) and control group (CG). The horizontal axis is normalized to the stance phase, where 0 

% corresponds to touchdown and 100 % to take-off. 

 

Table 2 

Peak ground reaction force and impulse during stance. 

 Training group Control group 

 Pre-training Post-training Pre-training Post-training 

Peak GRF (N) 1721 ± 302 1719 ± 279 1670 ± 132 1659 ± 137 

Impulse (Ns) 253.3 ± 40.2 251.4 ± 37.4 261.1 ± 48.3 266.0 ± 41.3 

Values are mean ± SD 

GRF = Ground Reaction Force 

* Significantly different from pre-training value (p<0.05) 

** Significantly different from pre-training value (p<0.01) 
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Foot segment centre of pressure 

A possible change in running strategy by an anterior shift of the point of force application (PFA) was 

tested by examining the position of the centre of pressure in the foot segment. The results showed no 

change pre to post intervention (Figure 17). 
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Figure 17 

Average values of position of centre of pressure (COP) during the stance phase of running for running before (pre) and after 

(post) the training intervention for the training group (TG) and control group (CG). The horizontal axis is normalized to the 

stance phase, where 0 % corresponds to touchdown and 100 % to take-off. 

 

Muscle tendon unit behavior 

The extent of lengthening and shortening as well as maximal length of the GM and SOL MTU 

showed no significant change after the intervention. Neither GM nor SOL MTU velocity showed 

significant change in velocity during lengthening or shortening. However, a trend of increased 

lengthening was observed for both the GM (P =0.1330) and SOL (P =0.1052) MTU (figure 18, 

table 3). 

 



   41 
 

0 5 0 1 0 0

4 4 0

4 6 0

4 8 0

M
T

U
 l

e
n

g
th

 (
m

m
)

0 5 0 1 0 0

3 0 0

3 1 0

3 2 0

3 3 0

G a s tro c n e m iu s S o le u s

0 5 0 1 0 0

-1 0 0 0

-5 0 0

0

5 0 0

s ta n c e  (% )

M
T

U
 v

e
lo

c
it

y
 G

M
 (

m
m

 s
-
1
)

0 5 0 1 0 0

-1 0 0 0

-5 0 0

0

5 0 0

1 0 0 0

s ta n c e  (% )

 

Figure 18 

Average values of muscle tendon unit (MTU) length (top) and velocity (bottom) during the stance phase of running before (pre) 

and after (post) the training intervention for the training group (TG) and control group (CG). The horizontal axis is normalized to 

the stance phase, where 0 % corresponds to touchdown and 100 % to take-off. 
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Table 3 

Muscle-tendon unit behavior during the stance phase of running 

 

 Training group Control group 

 Pre-training Post-training Pre-training Post-training 

GM MTU stretch (mm) 25.6 ± 10.3 30.5 ± 8.7 19.2 ± 7.4 18.6 ± 7.6 

GM MTU shortening 15.2 ± 4.2 17.5 ± 6.2 12.4 ± 10.4 9.0 ± 5.9 

SOL MTU stretch (mm) 25.8 ± 10.1 31.6 ± 8.9 21.5 ± 7.2 21.6 ± 7.2 

SOL MTU shortening 16.6 ± 3.9 19.2 ± 6.4 19.2 ± 10.2 17.5 ± 6.4 

Values are mean ± SD 

max. maximum value 

GM = Gastrocnemius, SOL= Soleus, MTU = muscle-tendon unit 

* Significantly different from pre-training value (p<0.05) 

** Significantly different from pre-training value (p<0.01) 

 

Fascicle behavior 

No significant change was found in resting fascicle length of the TG GM. However, an increase 

in resting pennation angle in the TG GM was found post intervention (P = 0.0481). No change in 

fascicle length or pennation angle was observed for the CG (table 4). 

For either group (TG and CG) or muscles (GM and SOL) no significant change in fascicle 

shortening amplitude during stance was observed (figure 19, table 4). 

There was not observed any significant change in both mean and maximum shortening velocity 

of fascicles after the training period for both the GM and SOL muscles in both the TG and CG 

(figure 19). 

Mean pennation angle showed no change for either group or muscles. However, the TG showed 

a significant increase in GM pennation angle change from touchdown to toe off (P = 0.0073), 

while no significant change was observed for SOL. No significant changes in pennation angle for 

either muscle were observed in the CG (figure 19, table 4). 

In the TG, architectural gear ratio of the GM increased, shown by an increase in ratio of ∆muscle 

length/∆fascicle length (P = 0.0151), while no change in architectural gear ratio was found for 
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SOL (figure 20). Mean muscle thickness or change in thickness (touchdown-toe off) did not 

show any change for either group (TG and CG)  or muscle (GM and SOL) (table 5). 
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Figure 19 
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Figure 19 

Average values of fascicle length (top), velocity (middle) and pennation angle (bottom) during the stance phase of running before 

(pre) and after (post) the training intervention for the training group (TG) and control group (CG). The horizontal axis is 

normalized to the stance phase, where 0 % corresponds to touchdown and 100 % to take-off. 

 

Table 4 

Resting fascicle length and pennation angle and fascicle behavior during the stance phase of running. Change is measured as the 

difference between values at touchdown and toe off. 

 Training group Control group 

 Pre-training Post-training Pre-training Post-training 

Resting FL GM (mm) 89.2 ± 13.4 90.7 ± 16.1 84.2 ± 10.3 84.1 ± 10.4 

Resting PA GM (˚) 18.1 ± 1.8 19.0 ± 2.1* 18.4 ± 1.1 18.3 ± 1.7 

GM FL shortening (mm) 16.2 ± 4.2 18.2 ± 2.2 18.45 ± 4.7 18.6 ± 4.1 

SOL FL shortening (mm) 9.1 ± 2.5 10.4 ± 2.5 7.9 ± 2.8 9.8 ± 1.9 

∆ GM PA (˚) 5.9 ± 3.5 9.2 ± 2.0** 9.0 ± 3.2 8.9 ± 2.1 

∆ SOL PA (˚) 8.3 ± 3.1 9.2 ± 4.1 9.5 ± 3.0 12.1 ± 3.7 

Values are mean ± SD 

max. maximum value 

GM = gastrocnemius, SOL= Soleus, FL= Fascicle length, PA = pennation angle 

* Significantly different from pre-training value (p<0.05) 

** Significantly different from pre-training value (p<0.01) 
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Figure 20 

Values of architectural gear ratio (AGR) estimated from change in muscle and fascicle length from touchdown to toe off.  

 

 

 

 

 

Table 5 

Mean muscle thickness and change in muscle thickness from touchdown to toe off 

 

 
Training group Control group 

 Pre-training Post-training Pre-training Post-training 

Mean MT GM (mm) 18.2 ± 3.3 19.0 ± 3.0 17.5 ± 4.2 18.0 ± 3.1 

MT change GM (mm) 0.8 ± 1.1 0.6 ± 0.9 0.6 ± 0.7 0.3 ± 0.5 

Values are mean ± SD 

max. maximum value 

MT = muscle thickness, GM = gastrocnemius 

* Significantly different from pre-training value (p<0.05) 

** Significantly different from pre-training value (p<0.01) 
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Elastic element behavior 

Elastic elements (EE) showed no significant change in extent of lengthening or shortening for 

either group (TG and CG) in both muscles (GM and SOL). However, a trend of increased 

lengthening was observed for both the GM (P = 0.0990) and SOL (P = 0.1528) EE after the 

training intervention (figure 21, table 6).  
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Figure 21  

Average values of elastic element (EE) length (top) and velocity (bottom) during the stance phase of running before (pre) and 

after (post) the training intervention for the training group (TG) and control group (CG). The horizontal axis is normalized to the 

stance phase, where 0 % corresponds to touchdown and 100 % to take-off. 
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Table 6 

Elastic element behavior during the stance phase of running. 

 

 

 Training group Control group 

 Pre-training Post-training Pre-training Post-training 

GM EE stretch (mm) 32.3 ± 10.4 37.5 ± 7.4 27.3 ± 6.9 26.2 ± 8.6 

GM EE shortening (mm) 4.6 ± 4.0 5.4 ± 4.9 6.1 ± 6.0 3.3 ± 5.5 

SOL EE stretch (mm) 30.1 ± 10.0 34.2 ± 8.7 23.6 ± 7.2 23.0 ± 7.0 

SOL EE shortening (mm) 11.6 ± 5.0 11.4 ± 6.2 8.4 ± 9.9 2.8 ± 5.6 

Values are mean ± SD 

max. maximum value 

GM = gastrocnemius, EE = Elastic elements 

* Significantly different from pre-training value (p<0.05) 

** Significantly different from pre-training value (p<0.01) 
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Discussion 

 

The aim of the present study was to investigate whether increased Achilles tendon stiffness 

induced by explosive isometric resistance training of the plantar flexors affects the behavior of 

the GM and SOL fascicles during running. An increase in tendon stiffness would result in less 

strain at a given force acting on the tendon. Given that muscle fascicles of the GM and SOL are 

continuously shortening while the TS MTU is lengthening, less strain of the tendon was 

hypothesized to result in a reduced shortening of the muscle fascicles during lengthening of the 

MTU, as well as reduced contraction velocity of the muscle fascicles during stance. 

 

After the 10 week training intervention, a significant increase of 18% in Achilles tendon stiffness 

and a significant increase of 15% in the maximum plantarflexion muscle strength were observed 

(figure 13). However, no significant change was observed for contraction velocity of the GM and 

SOL fascicles, nor shortening amplitude of the GM and SOL fascicles, rejecting our hypothesis 

(figure 18). 

Effectiveness of the training intervention 

Strength and architecture 

Muscle fascicle length has previously been shown to increase with dynamic resistance training 

(Alegre, Jimenez, Gonzalo-Orden, Martin-Acero, & Aguado, 2006). Resting length of the 

muscle fascicles did not increase after training in this study. This was expected, as the 

contractions performed in the exercise intervention was executed explosively and lasted for only 

1 second, limiting time under tension.  

 

However, an increase in resting pennation angle was found after training (table 4). This is 

consistent with previous studies  (Aagaard et al., 2001) employing measurements of pennation 

angle by ultrasound following an intervention of intense resistance training. An increase in 

pennation angle implies an increase in physiological cross sectional area in proportion to 

anatomical cross sectional area resulting in an increased strength in proportion to muscle volume 

(Aagaard et al., 2001). 
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The AT is attached to the GM and SOL muscles, and inducing adaptations in the tendon will 

inevitably also affect the muscles. The aim being to examine how tendon stiffness affects 

fascicle behavior, it is of importance to minimize muscle adaptation. With the exercise protocol 

employed in this study we were able to limit changes in fascicle length. However, the muscle has 

undergone distinct adaptations as pennation angle and muscle thickness increased after training. 

The observed effect of training on the muscle alone increased strength significantly, but not the 

fascicle length operating range or velocity during running. The muscle adaptations observed in 

the current study will likely have an influence on fascicle behavior, but should be limited due to 

small change scores. 

 

Tendon stiffness 

The design of the exercise, aiming to minimize muscle adaptations will likely also have limited 

tendon adaptations. Tendon stiffness has been shown to increase as early as 6-8 weeks after 

systematically increased mechanical loading of the Achilles tendon (Wiesinger et al., 2015). 

Studies with training interventions of similar duration as ours have achieved an increase in AT 

stiffness greater than the current study (Arampatzis et al., 2007; K. Kubo, Ikebukuro, Yata, 

Tsunoda, & Kanehisa, 2010a), which could be the result of different exercise protocols. A meta-

analyses of  human tendon adaptation in response to mechanical loading found that high loading 

intensities are more effective to induce adaptive responses in tendinous tissue as compared to 

lower intensities, while the type of contraction performed by the muscle does not seem to affect 

the extent of adaptive responses (Bohm, Mersmann, & Arampatzis, 2015). Dynamic as well as 

isometric contractions imposing a large strain magnitude on the tendon would therefore seem to 

be best suited to achieve a large extent of adaptation responses of the tendon.  With the aim of 

limiting adaptation responses of the muscles, the exercise performed by the subjects in this study 

involved isometric contractions at anatomical position to avoid an increase in number of 

sarcomeres in series. Contractions lasted for a limited duration of 1 second to minimize 

hypertrophy of the muscle by liming time under tension. The comparably small increase in 

tendon stiffness is likely a consequence of the exercise exerting an insufficient time under 
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tension and strain magnitude on the tendon (Arampatzis et al., 2007), which may be needed to 

achieve a greater increase in tendon stiffness than achieved in the current study. 

 

Running kinematics  

In line with previous studies examining running before and after an intervention of strength 

training of the plantar flexors (Albracht & Arampatzis, 2013), kinematics and of the ankle, knee 

and hip did not show any significant difference pre to post intervention. However, a trend of 

greater dorsiflexion of the ankle in the first ≈25% of stance was found, implying a possible 

change in running strategy after the training intervention.  

 

The trend of increased dorsiflexion was thought possibly to be the result of an anterior shift of 

the point of force application (PFA). A change in running strategy involving an anterior shift of 

the PFA has previously been speculated to occur after a similar exercise intervention (Albracht & 

Arampatzis, 2013).  To further examine this, the position of the centre of pressure of the foot 

segment was examined, but no change was found between pre and post intervention tests in the 

present study (figure 16). 

 

Fascicle behavior 

In line with previous studies (Lichtwark et al., 2007), we find muscle fascicles to show a 

continuous shortening throughout the stance phase. This implies that the energy generated by the 

muscle is stored within the elastic elements during the first phase of stance, as the MTU was 

found to be lengthening for the first ≈75% of stance (figure 15). As the MTU and elastic 

elements shorten rapidly in the latter ≈25% of stance, elastic energy is returned to the MTU, 

reducing the demand for fascicle shortening and contraction velocity. 

 

 

The force generating capacity of a muscle is affected by the length at which the muscle fascicles 

are generating force. The length of the muscle fascicle determines the extent of overlap between 

actin and myosin cross-bridges, and too much or too little overlap results in a reduction of the 

force producing capacity of the muscle. Increased shortening amplitude of muscle fascicles 
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would imply the muscle fibers have to generate force at shorter lengths, where capacity for force 

production is reduced. Contraction velocity of the muscle fascicles also influences the force 

producing capacity of the muscle, with increasing velocities reducing the capacity for producing 

force. The hypothesized reduction in fascicle shortening amplitude and contraction velocity 

would lead to better conditions for the muscle to produce force. However, as we find both the 

GM and SOL muscles to have an unchanged shortening amplitude and contraction velocity, they 

are left under the same conditions for force production as before the training intervention. 

 

Analysis of fascicle behavior of the SOL muscle proved to be especially challenging. 

Visualization of especially the deeper lying part of the SOL muscle as well as the deep 

aponeurosis was poor in several subjects and we experienced prolonged periods of having close 

to no view of muscle fascicles.  As a result, the SOL muscle in three subjects of the TG was 

excluded. Nevertheless, SOL fascicle behavior is consistent with that of the GM after training, 

strengthening the evidence that no change in shortening amplitude or velocity occurred in either 

muscle.  

 

Although fascicle behavior did not change in the way expected, a change did seem to occur as 

we observed a significant increase in pennation angle change in the GM muscle, while no change 

was found for SOL. Pennation angle changes towards a more obtuse angle during contraction 

and contributes to muscle shortening. A greater change in pennation angle while shortening 

amplitude of the muscle fascicles remains unchanged means that the muscle shortens to a greater 

extent. 

Architectural gear ratio 

A greater shortening of the muscle as a result of an increase in pennation angle change while 

shortening amplitude of the fascicles remain unchanged implies an increased architectural gear 

ratio. Changes in architectural gearing within the same muscle has been examined previously 

(Azizi et al., 2008), but has to our knowledge never been examined in running. Length of the 

whole GM muscle belly was not directly measured in this study. The method of estimating 

muscle shortening used in the current study is subject to uncertainty as the changes in muscle 

length are not directly measured, but rather based on changes in fascicle length and pennation 
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angle during contraction. However, muscle shortening is calculated as the difference of the 

estimated muscle length at touchdown and toe off and should provide a good indication of 

changes in muscle shortening. The ratio of the change in muscle length/fascicle length during 

stance was found to be increased post intervention for the TG GM, indicating an increased gear 

ratio. As reported by Azizi et al., 2008, a change in architectural gear ratio is associated with 

differences in dynamic muscle shape changes. Therefore, we estimated muscle thickness from 

fascicle length and pennation angle throughout the stance phase. However, no difference in mean 

thickness or change in thickness from touchdown to toe off was found (table 5). 

The higher strength of the plantar flexors post intervention could be speculated to result in the 

muscles operating at a lower percentage of their maximal force producing capacity. The muscle 

could also contract faster as pennation angle change increased while fascicle shortening 

amplitude and changes in muscle thickness remains unchanged. Force dependency of 

architectural gear ratio has previously only been shown with absolute force changes. It could be 

speculated that a faster contraction at a lower relative load could also lead to an increase in 

architectural gear ratio. 

 

Elastic element strain 

Because running kinematics remained unchanged, the unaffected fascicle shortening and velocity 

could mean that the increase in tendon stiffness did not notably affect tendon strain during 

running. Consistent with a trend of more dorsiflexion, a trend of increased lengthening of the 

GM and SOL MTU (figure 17) and EE (figure 20) was observed. Considering this, and that the 

muscle shortens to a greater extent, EE strain during running may have increased after training. 

Increased EE strain would imply a greater storage of elastic energy. An increase in EE strain and 

greater storage of elastic energy would be expected to be followed by a greater return of elastic 

energy in the late stance phase that would be reflected by an increased shortening of the MTU 

and EE. This was however not observed. 

 

The reason for a trend of increase in EE strain and elastic energy storage cannot be assessed from 

this study. In addition to the free AT, the EE also consist of the aponeurosis of the muscle and 

the proximal tendon of the GM. The aponeurosis has been shown to experience less stretch than 
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the free AT during plantar flexion contractions (Finni, Hodgson, Lai, Edgerton, & Sinha, 2003; 

Magnusson et al., 2003), possibly owing to different material properties or as a consequence of 

transverse tension imposed by muscle bulging (Farris, Trewartha, McGuigan, & Lichtwark, 

2013). Thus, changes in the force production of the muscle might affect functional aponeurosis 

stiffness. This has been shown, as aponeurosis of muscles increase stiffness with increased force 

production of the muscle (Azizi & Roberts, 2009). As higher strength of the muscles after 

training could lead to the muscle generating force at a lower relative load, it could be speculated 

that functional stiffness of the aponeurosis decreased post intervention, explaining an increased 

strain of the EE.  

 

Increased strain of the EE could also be explained by a larger force production of the muscle. A 

larger force production could be reflected by either increased ground reaction forces, or an 

increase in ankle moment. However, no change in neither GRF, impulse or ankle moment was 

found.  Had the increased dorsiflexion found in the first phase of stance been significant, this 

would have implied a larger external moment arm of the ankle. An increase in the external 

moment means the mechanical advantage would be reduced and a larger muscle force of the 

plantar flexors would be required to produce the same ankle moment. However, this would imply 

a lower GRF, which was found to remain unchanged. GRF measurements of running made with 

a force-plate instrumented treadmill lose validity when landing strategies are not consistent 

(Kluitenberg, Bredeweg, Zijlstra, Zijlstra, & Buist, 2012). Landing strategies of the subjects was 

only observed visually, making for uncertainty of GRF measurement comparisons in the current 

study. As opposed to platforms mounted in the laboratory floor, force plates incorporated in 

treadmills are subject to more noise from close lying moving parts. A cut-off frequency of 25 Hz 

was applied to GRF measurements as a consequence of noise stemming from vibrations from the 

belt of the treadmill, which could affect the validity of GRF measurements.  

 

Although GRF measurements have potential sources of error, the fact that all subjects ran 

barefoot is thought to limit variations in landing strategy. The common landing strategy running 

barefoot, even by pronounced heel-strikers when shod, is a forefoot strike. Supported by visual 

inspection, all subjects landed using a forefoot strike. When compared across subjects with a 
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consistent landing strategy, GRF measurements have been shown to have a moderate to high 

validity (Kluitenberg et al., 2012).  

 

Assuming GRF measurements are correct, and GRF remained unchanged after the intervention, a 

larger force production of the muscle would have been associated with an increased ankle 

moment. No change in ankle moment was observed, but the estimation of ankle moment is 

subject to uncertainty. Strong evidence is present that human foot power contributes 

meaningfully to running, by a complex interaction of tendinous tissue and muscles of the foot, 

both absorbing and generating mechanical power. Typically, as well as in the present study, the 

entire foot is modeled as a single rigid segment neither absorbing nor generating mechanical 

power. Treating the foot as a single rigid segment can be misleading to our understanding of foot 

function, and further, calculations of ankle joint moment ignore the contribution and complexity 

of the human foot. It is therefore possible that changes in ankle joint moment pre to post training 

intervention could have occurred. Using simplified modelling of the foot could possibly leave us 

unable to detect it (Zelik & Honert, 2018).  

 

Limitations 

The in vivo measurements employed in the current study present limitations on several fronts 

that should be considered objectively. 

Fascicle tracking 

The length changes of muscle fascicles often determine their function and effectiveness of 

performing the task at hand during movement, laying the basis of the interest in examining 

fascicle behavior. The method of fascicle tracking employed in the present study involves 

drawing a line parallel to the visualized fascicle in the mid-muscle belly is drawn from its 

insertion at the superficial and deep aponeurosis. Analyzing fascicle behavior of a whole muscle 

using this method is assuming that fascicles experience the same strain along its entire length. 

However, the strain along a muscle fascicle has been shown to vary along its length (Pappas, 

Asakawa, Delp, Zajac, & Drace, 2002). Previous modeling studies have shown that such 

variation likely results from curvature of the fascicle and variations in mechanical properties of 
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surrounding tissue (Blemker, Pinsky, & Delp, 2005). In addition to longitudinal changes in 

length, fascicles of pennate muscles undergo changes in orientation reflected by a change in 

pennation angle, affecting fiber strain.  In pennate muscles like the GM and SOL examined in 

this thesis, variations in muscle architecture within regions of the muscle introduces an additional 

factor resulting in further variations in fiber strain within the muscle. Further development of 

software used for tracking of fascicles, taking variable strain into account, is needed for future 

studies to ascertain that tracking of muscle fascicles is representative of the fascicle behavior of 

the muscle. 

 

Soleus fascicle tracking 

In the current study, an addition to measurements of the GM muscle performed by earlier studies 

is examining the fascicle behavior of the SOL muscle. The GM is a biarticulate muscle acting 

over both the ankle and knee joint, and could be affected by changes in properties in the 

proximal part of the muscle, crossing the knee joint, which is not examined in this study. 

Examining fascicle behavior of the soleus muscle, which only acts across the ankle joint, could 

therefore with a higher certainty be attributed to the changes in tendon and muscle properties 

imposed by the exercise protocol. However, ultrasound imaging of the soleus muscle was more 

variable and of poorer quality than those of the GM. Including the soleus muscle also meant 

making compromises with regard to the focus area of ultrasound imaging, sometimes limiting the 

visibility of the soleus muscle fascicles and deep aponeurosis. Limited visibility and periods of 

practically no view of muscle fascicles made for more challenging tracking, with higher potential 

sources of error. Further development of ultrasound equipment is required for future studies to be 

able to properly visualize the SOL muscle, and allow for reliable analysis of SOL fascicle 

behavior. 

 

Ultrasound 

The current study employs use of two dimensional ultrasound scanning that captures tendon 

deformation only in the longitudinal direction. The same ultrasound scanning is performed when 

scanning the GM an SOL muscles during running. Tendons and muscles are three dimensional 

structures that undergo deformation in all three dimensions. Not taking into account the three 
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dimensional structure and deformation of the tendon leads to an underestimation of tendon 

length and an overestimation of length changes (Seynnes et al., 2015). Concerning muscle 

scanning, we experienced that the frame rate of the ultrasound recording (80Hz) was insufficient 

for the employed software to consistently perform automatic tracking of the muscle fascicles. As 

the muscle bulges during contraction when running, the ultrasound transducer changes its 

position relative to the muscle belly. This results in a shift of the plane of scanning, making for 

difficulties tracking the same muscle fascicle throughout the step cycle. In several subjects, the 

field of view captured by the ultrasound transducer did not capture the entire fascicle and its 

insertion to the superficial and deep aponeurosis. This was experienced primarily in the latter 

part of the swing phase, where muscle fascicle length is at its extreme. In cases of incomplete 

scanning, linear extrapolation was used, assuming both fascicle and aponeurosis followed a 

straight line outside the field of view, making for potential sources of error estimating fascicle 

length. 3D ultrasound scanning, and a larger field of view of the ultrasound transducer is 

required for future studies to reliably analyze tendon and fascicle behavior and gain a better 

understanding their function and response to training. 

 

Kinematics 

This study performed non-invasive three dimensional motion analysis using markers attached 

directly to the skin using adhesive tape. The marker trajectories are recorded while subjects were 

running, and laboratory coordinates are estimated in each sampled instant of time. From markers 

attached to the ankle (medial and lateral malleolus), knee (medial and lateral condyle of the 

knee), and hip, the trajectory of the respective joint centres were calculated. Further calculations 

of moments and power are also based on the position of joint centres estimated by marker 

trajectories. However, recorded marker points cannot be considered stationary as the markers are 

attached to passive and active soft tissue that moves relative to underlying bony structures. When 

reconstructing marker positions, systematic and random errors can also occur.  This highlights a 

limitation and potential sources of error in the present study, where we are describing running 

kinematics using non-invasive three dimensional motion analyses (Lucchetti, Cappozzo, 

Cappello, & Della Croce, 1998). 
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Conclusion 

The intervention did not reduce fascicle shortening and contraction speed as expected from 

simple in series models. Although not in the way we expected, a change in fascicle behavior was 

observed after training, as GM pennation angle change increased. Increased pennation angle 

change and unchanged shortening amplitude of muscle fascicles means that the muscle shortens 

to a greater extent, resulting in an increased architectural gear ratio.  Higher strength of the 

plantar flexors could mean the muscles are operating at a lower force relative to maximal force 

production, which could be speculated to promote fiber rotation and cause the increased 

architectural gear ratio. Considering the consistency of trends of increased dorsiflexion, 

lengthening of the MTU and EE accompanied by an increase in muscle shortening, EE strain 

may be increased, increasing utilization of elastic energy. An increase in utilization of elastic 

energy while fascicle shortening amplitude and velocity remains unchanged would be beneficial 

for running efficiency. Additional studies and further development of fascicle tracking software 

and ultrasound equipment are required to ascertain that muscle shortening, architectural gear 

ratio, and EE strain increased and if this is an effect of training. 
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Statement 

 

Writing this thesis, I have been a part of a larger Ph.D. project. I entered the project a short time 

before the start of data collection and have not been a part of designing the test protocol nor the 

exercise intervention. I have contributed to all data collection. However, I have not participated 

in all data processing and analysis. My main task with regard to data analysis has been tracking 

of GM and SOL muscle fascicles and aponeurosis using the “Ultratrack” software. I have also 

performed data curation of all data collected except tendon stiffness data. I have however not 

been a part of data processing and analysis of tendon stiffness data nor kinematic and kinetic data 

in Visual 3D. 
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