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Abstract

Background: In gaits, such as running and walking, decoupling of the muscle fascicles
length changes from the length changes of whole muscle-tendon unit (MTU), allows muscle
fascicles to work almost isometrically and close to its optimal length, and therefore the
fascicles can generate high forces economically. This is possible because the compliant
tendons are stretch in the first part of the stance phase, facilitating storage of elastic strain
energy within the elastic elements (EE), which, then is returned in the last part of stance. The
storage and release of energy by the EE contributes substantially to the work done by the
MTU during locomotion, thus decreasing the demand for muscle work. It has been speculated
that a similar muscle-tendon dynamic to running takes place during a diagonal stride (DIA) in
cross-country (XC) skiing, and that skiers store elastic energy in the preload phase prior to
the kick. However, in vivo measurements of the fascicle length and contractions velocity,

while the skiers perform diagonal stride, has not been conducted.

Purpose: The purpose of the study was to explore gastrocnemius medialis (GM) muscle-
tendon mechanics during DIA on roller skies in vivo, and to examine the effects of different
speeds and inclines on muscle-tendon behavior. Firstly, we hypothesize that propulsion in the
kick phase is generated by concentric muscle contraction in the GM muscle while the MTU
undergoes a stretch-shortening cycle. Furthermore, we believe that muscle contraction is
initiated during the late part of the glide phase. Secondly, we hypothesize that the muscle-

tendon behavior during the kick phase is affected by increase in speed and incline.

Methods: 13 elite senior XC skiers (age 26.5 + 4.8 years) roller skied on a treadmill using
diagonal stride (DIA) under three different conditions: (speed: 2.5 m s!, incline: 5°) named
DIAer, (speed: 3.5 m s}, incline: 5°) named DIA s, and (speed: 2.5 m s, incline: 10°)
named DIAs¢eep. Ultrasound measurements of the GM muscle fascicle length was
synchronized with kinematic, kinetic, and muscle activity (EMG) measurements of the right
leg. A single-sided One-Sample T-tests were used to test muscle-tendon unit (MTU) behavior
in DIAer. One way repeated-measures ANOV As were used to test how the increase in speed

and incline affected the MTU behavior.



Results: There is a stretch shortening cycle of the MTU during the kick phase, with a
significant stretch in the first part 9.91 = 0.29 mm (P<.0001), followed by a significant
shortening 24.29 + 7.79 mm (P<.0001). The GM muscle fascicles shortened throughout the
entire kick phase 9.1 + 2.7 mm (P<.0001). There was a significant stretch of the MTU in the
late glide phase, whilst there was no change in fascicle length. The GM muscle is

significantly active during the kick phase, but not significantly active in the late glide phase.

Both increase in speed and incline increased MTU stretch (P<.0001). There was no
significant difference in fascicle shortening velocity between DIAer and DIA s, whereas the
fascicle shortening velocity decreased with increased incline (P<.0007). Integrated EMG
(IEMG) was significantly higher in DIAswep compared to DIArer, whereas DIAer and DIA fust
did not differ.

Conclusion: This study showed that during the kick phase of DIA XC-skiing, the GM
muscle fascicle shortens continuously, whereas the MTU lengthens in the first part of the
kick phase, allowing for storage of elastic energy, which is released later in the kick phase
when the MTU shortens rapidly. We found no conclusive evidence for storage of elastic
energy being initiated in the glide phase. Fascicle shortening velocity did not increase with
higher speeds, however at increased incline the fascicle shortening velocity decreased.

This is due to how the muscle-tendon interact under different time constraint and requirement
for force and work. The increased demand at higher speeds is met by higher relative
contribution of the tendons to the force generated (i.e., increased stretch and recoil of energy).
The increased demand at increased incline is met by a longer kick phase, allowing fascicles to
operate at lower shortening velocities and at a more favorable part of the force-velocity curve

to produce higher forces.

Keywords: Muscle-tendon unit, ultrasound, biomechanics, cross-country skiing, diagonal

stride
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Introduction

Cross country (XC) skiing is an Olympic winter sport, where athletes propel themselves
through a groomed snow track using their skies and poles. XC-ski competitions are done in
either the classical or the skate (free) technique. Both techniques consist of several sub-
techniques, which act as a gearing system (Nilsson et al., 2004). Diagonal stride (DIA) is a
sub-technique in classical skiing DIA, typically used in slower conditions such as uphill
sections (Smith, 2003). When using this technique, the skier performs a kicking action on one
leg followed by a weight shift to the contralateral leg where the skier glides prior to initiating
a new kick. Initially DIA appears similar to running, but because of the glide phase in DIA, it

may have different muscle-tendon mechanics (Kehler et al., 2014).

During walking and running it was found that, when the muscle is active and the elastic
elements (EE) in the tendon and aponeurosis is lengthened, a considerable amount of elastic
energy can be stored in the muscle-tendon unit (MTU), which can be utilized later in the kick
phase (Roberts & Azizi, 2011). This could potentially increase energy conservation and
power amplifications in the MTU, improving the performance in skiing competitions. The
role of EE for energy conservation in running has been studied extensively (Bohm et al.,
2019; Farris & Sawicki, 2012b; Lichtwark et al., 2007; Monte et al., 2020). They have found
that utilization of elastic energy from the EE allows the muscle fascicles to work at lower
shortening velocities, and at a more optimal level to produce high forces with less work

required and thus higher efficiency.

From angular velocity curves and electromyography (EMG) during DIA XC-skiing (Komi &
Norman, 1987) found that the muscle undergoes a stretch-shortening cycle while being under
constant electrical stimulation. They theorized that because of the stored elastic energy, a
given level of force could be produced with a lower motor unit activity. Thus, implying that a
lower metabolic energy expenditure is required by the muscle. However, due to technological
limitations at that time, they were limited to the use of electromyography (EMG) and two-
dimensional (2D) angular kinematics, and they were only able make indirect inferences about

the muscle fascicle and tendon behavior.

Kehler et al. (2014) found that during DIA, the center of mass (COM) is briefly lowered (i.e.,
the gravitational potential energy (GPE) decreases) prior to the initiation of the kick. Then



during the kick, the GPE and the kinetic energy (KE) increase concomitantly. Thus, (Kehler
et al., 2014) speculated that some of the elastic energy in the EE might be stored during the
pre-stretch in the preload phase during DIA. This may contribute to more favorable muscle-

tendon dynamics.

To be able to say whether elastic energy is stored and then later utilized during DIA we need
to study the fascicle shortening velocity and length changes in vivo. Prior research on the
muscle-tendon mechanics during DIA XC-skiing has been limited to indirect estimates of the
fascicle behavior only. Thus, the aim of this master thesis is to explore gastrocnemius
muscle-tendon mechanics during diagonal stride on roller skies in vivo using ultrasound
measurements, and to examine the effects different speeds and inclines have on muscle-

tendon behavior.

The main hypothesis is that propulsion during the kick phase is generated by a concentric
muscle contraction in the GM muscle while the MTU undergoes a stretch-shortening cycle.
Furthermore, we hypothesize that muscle contraction is initiated during the glide phase,
facilitating elastic energy storage in the elastic elements (EE) prior to the kick. This should be
seen as a simultaneous EE lengthening and EMG activation during the late part of the glide
phase. The second hypothesis is that muscle-tendon behavior during the kick phase changes
with increased speed or incline. Firstly, we believe that with increased speed, the GM will
show an increase in EMG activation, higher fascicle shortening velocities and an increased
stretch of the EE, due to a shorter kick phase. Secondly, at an increased incline we expect to
see higher EMG activation, a similar fascicle shortening velocity and an increased stretch of

the EE during the kick phase, due to the increased force demand.



Background

This section aims to present the basic biomechanics of the musculoskeletal system. Firstly,
tackling the morphological and material properties of the skeletal muscle and tendons
separately. Followed by linking their function together and presenting some of the current
knowledge about the muscle-tendon behavior during locomotion and its importance. Lastly,
to look at the current knowledge of muscle-tendon behavior during DIA XC-skiing. This
section focuses primary on the on the musculoskeletal biomechanics of striated pennate

muscles, such as the gastrocnemius muscle investigated in this study.

Human skeletal muscles

Skeletal muscles are one of the most dynamic and plastic tissues in the human body. From a
mechanical point of view the function of skeletal muscles is to convert chemical energy into
mechanical energy and through this, generating force and power to produce movements or

maintain posture. (Frontera & Ochala, 2015).

Muscle morphology

A single muscle cell is called a muscle fiber. The sarcomere is the smallest functional unit
within the muscle fiber and responsible for its contractile properties. Within the sarcomere
there are repeating actin and myosin protein filaments partly overlapping and connected by
cross-bridges shaping the myofilaments, that in combination with other proteins the
myofilaments form a myofibril. Muscle fibers are in turn built up by several hundred
myofibrils in parallel and sarcomeres in series. Each muscle fiber is covered by a cell
membrane called sarcolemma. External to sarcolemma is the endomysium, a connective
tissue sheet that encases the muscle fiber and anchors it to other muscle fibers and connective
tissue, and eventually to the tendon. Hundred or more muscle fibers are bundled together to
form a muscle fascicle. Each fascicle is encased by the connective tissue sheet, the
perimysium. Lastly the fascicles are bundled together by the epimysium to form the whole
muscle (Enoka, 2015; McGinnis, 2013). The hierarchal structure of the muscle can be seen in

Figure 1.
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Figure 1 Skeletal muscle macrostructure from (McGinnis, 2013)

Mechanical properties

Muscle activation results in muscle actions that can be classified into three basic types:
isometric, concentric or eccentric contraction. Concentric muscle action results in shortening
of the muscle fascicles, and subsequently shortening of the whole muscle. Eccentric muscle
action is when the muscle fascicles lengthen under load. Lastly, isometric contraction is when
muscle fascicles contract generating tension and force, but the fascicles length and velocity

remains relative unchanged and close to its original length.

Force generated by the muscle depends on many factors including the degree of activation by
the nervous system (i.e., recruitment of motor unit), muscle architecture (including the
pennation angle and cross-sectional area (CSA) described below). and the number of actin-

myosin cross-bridges formed (Frontera & Ochala, 2015).
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Due to variations in overlap of the actin and myosin filaments during contractions, muscle
force productions are length dependent, which has been described as the force-length (F-L)
relationship of muscles (Gordon et al., 1966) (Figure 2). Force-length of the muscles is
influenced by the joint angles of the muscles, therefore there is an optimal length or joint
angle where muscular force is maximized. GM muscle has been shown to operate at the

ascending limb of the force length relationship in running (Arnold et al., 2013).
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Figure 2 Sarcomere force -length relationship, first described by (Gordon et al., 1966), by scaling the number of cross-
bridges possible

The force generation capability of muscles is also dependent on contraction velocity. The
maximum force a muscle can generate, decreased with increased shortening velocity, and the
maximum contraction velocity decreases with increasing force (Hill, 1938). Further, Hill later
found that the power output of the muscle is maximized at approximately 30% of maximum

shortening velocity (Hill, 1964) (Figure 3).
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Force/power

Velocity

Figure 3: The force-velocity and power-velocity relationship of a muscle. Maximum power is at approximately 30% of
maximum shortening velocity. figure from (Herzog, 2000).

Muscle architecture

Both force-length (F-L) and force-velocity (F-V) relationship of the muscle is dependent on
muscle architecture. Longer muscle fibers have more sarcomere in series, consequently
longer muscle fibers are cable of shortening over greater distances, and the number of
sarcomeres in series is proportional to the muscle’s maximum shortening velocity. The
number of sarcomeres in parallel is proportional to maximal force the muscle can produces,

since each parallel sarcomere contributes to force production.

Longitudinal or fusiform have muscle fibers aligned parallel to the line of pull from the
tendon. These fibers pull in a straight line and full magnitude of the muscle force is directed
in the tendons line of action. In general, muscles that have a parallel fiber arrangement have
longer muscle fascicles, and therefore produce a greater range of motion (ROM). Muscles
that have a fiber arrangement oblique to the tendon and aponeurosis points of origin and
insertion are called pennate muscles. The fibers of pennate muscles attach to the aponeurosis
at an oblique angle in relation to the muscle’s line of action (Levangie & Norkin, 2011;

Whiting, 2008). The angle of insertion in pennate muscles is named the pennation angle, and

13



in GM it is usually defined as the angle between the deep aponeurosis and the muscle
fascicles (Challis, 2000). This common two-dimensional (2D) definition of pennation angle

provides a crude estimation for the fiber orientations in the three-dimensional (3D) muscle.

Pennate muscle fibers can align in one or more directions in relation to the tendon and
aponeurosis. Depending on the number of fiber directions relative to tendon and aponeurosis,
pennate muscles are defined as either unipennate bipennate or multipennate, the GM

investigated in this study is a unipennate muscle (McGinnis, 2013) (Figure 4).

The physiological cross sectional area (PCSA) of a muscle is defined as the line
perpendicular to the fascicles line of action (i.e., green line in Figure 4) and is magnitudes
lager than the anatomical cross section area (CSA), which is defined as the line perpendicular
to the muscles line of action (i.e., blue line in Figure 4). Thus, the main advantage of pennate
muscles is that more fibers can be packed into a given volume of muscle, i.e., more
sarcomere in parallel. Hence, the total force produced by all the muscles fibers in a pennate
muscle is greater than in parallel fibered muscles of the same CSA (Aagaard et al., 2001; V.
M. Zatsiorsky & Prilutsky, 2012).

For pennate muscles the force produced by the tendon will be less than the sum of forces
generated by the muscle fascicles. Since the force produced by the tendon will be
proportional to the force of muscle fascicles multiplied with the pennation angle («)
(Rutherford & Jones, 1992).

Force tendon = Force muscle * cos a

However, given the increased number of fascicles in parallel, Alexander and Vernon (1975)

predicted that the tendon force would increase up to an pennation angle of 45° degrees.
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A B C

Figure 4: Pennate muscles. A = unipennate., B = bipennate., C = multipennate. Blue line = anatomical cross sectional area
(CSA), Green line = physiological cross sectional area (PCSA), Ly= length fascicle, F; = force tendon, Fn = force fascicles,
a = pennation angle. Adopted form Uwe Gille (cc-by-sa)

The Gastrocnemius Medialis (GM) MTU, which is investigated in this study, has its origin at
the medial condyle of the femur. The GM, then goes down the medial side of the calf and
form a common tendon with the Soleus (SO) muscle, the Achilles tendon (AT) which
attaches to the calcaneus. In comparison to the SO muscle, the GM muscle has longer fibers,
a smaller pennation angle and a smaller CSA. Thus, the GM muscle can produce lower forces

but can operate at higher fascicle shortening velocities and at greater ranges (Challis, 2000).
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Tendons/ elastic elements

In pennate muscles, the tendon has an external and an internal part. The internal part of the
tendon is referred to as the aponeurosis (V. M. Zatsiorsky & Prilutsky, 2012). The tendons
and aponeurosis together are often referred to as the series elastic elements (SEE), however,
all elastic elements may not strain in series, since elastic tissue such as the aponeurosis and
perimysium may stretch in different direction to the whole tendon. Further, the muscle
fascicles are linked and must obey the law of conservation of volume and energy (Gans &
Gaunt, 1991), therefore it is more appropriate to refer to the elastic tissues in MTU as the
elastic elements (EE). The connective tissues of the muscle weaves into the aponeurosis and
tendons that connects muscles to bone. The force of a muscular contraction is thus
transmitted from the endomysium of the muscle fibers to the perimysium and epimysium and
then to the aponeurosis and tendon. The transition from muscle to tendon is called the
myotendinous junctions. The tendon-bone junctions is known as the enthesis (McGinnis,

2013; V. M. Zatsiorsky & Prilutsky, 2012).

Material properties

Like the muscles, tendons have a hierarchical structure (Figure 5). The tendons are composed
of collagen molecules, which make up the fibrils, which again make up the fibers, fascicles,
fascicle bundles and the lastly the tendon unit. Tendon fibers are bound by the endotenon,
and fiber bundles are enclosed by the epitenon. Tendons consist of collagens (mostly type 1),

water, elastin, proteoglycans, and glycoproteins. (Wang, 2006).
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Figure 5 The hierarchical structure of tendons: from (Wang, 2006)

Mechanical properties

The hierarchical structure of tendons aligns collagen fibers in the longitudinal axis of the

tendon, giving it its tensile strength. Tendons is a viscoelastic material which when stretch

under load is deformed, but return to its original length when force is removed. A tendons

elasticity or resilience is its capacity to resist external forces and resume their normal shape

when force is removed, i.e. tendon length (V. M. Zatsiorsky & Prilutsky, 2012). Due to its

viscoelasticity tendons have another property named hysteresis. Hysteresis is the difference

of the loading and unloading phase in the stress-strain cycle. With each loading and

unloading phase some energy is lost, mainly by being transformed from mechanical work to

heat. Thus, some energy is lost during the storing and releasing of elastic strain energy.
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When the tendon fibers are relaxed, they follow a sinusoidal wave pattern knowns as crimp
(Wang, 2006; V. M. Zatsiorsky & Prilutsky, 2012). The tendon stress-strain curve has three
regions, the toe-region, the linear region, and the failure region (Figure 6). In the toe-region
tendon fibers straighten and lose their crimp pattern, but the fibers themselves are not
stretched, this happens in the strain range up to =2% strain. After the crimp is straightened,
the tendon fibers are stretch, and the tendon enters the linear region on the stress-strain curve.

The linear slope of the stress-strain curve is usually referred to as young’s modulus (V. M.

Zatsiorsky & Prilutsky, 2012).

Stress is the force divided by the area it acts on, measured in newtons per square meter
(N/m?). Strain is the elongations per unit object length. Strain is computed as the ratio of the

change in length of a line segment to its initial length (V. M. Zatsiorsky & Prilutsky, 2012).

In the linear region of the stress-strain curve, elongation (Al) of the tendon has a linear
relationship to the force (Al = cF). where c is proportional coefficient called compliance
(m/N). However, its often most convenient to use the inverse of compliance stiffness (N/m)
(V. M. Zatsiorsky & Prilutsky, 2012). Compliance or stiffness is measured in the linear

region of the stress-strain curve, as seen in Figure 6.

The more a tendon is strained the more elastic energy it can potentially store, thus compliant
tendons have a greater capacity for storage and recoil of elastic energy. A stiffer tendon,
however, can transfer more of the force produced from the muscles into joint movements.
Ettema (2001), showed that muscles with stiff tendons are most efficient when activated
during shortening. Whereas, a compliant tendons is most effective when the muscle is

activated during the stretch in a stretch-shortening cycle.

The Achilles tendon, which is the shared tendon of the Gastrocnemii muscles and the soleus
muscle is incredibly strong with reported froce values reaching 9 KN, corresponding to 12.5
times body mass (Komi, 1990). Further, Biewener and Roberts (2000), and Farris and
Sawicki (2012a) has described the Achilles as long and compliant tendon well suited to store

and recoil elastic strain energy.
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Muscle-tendon Unit

A muscle together with the attached tendon is called the muscle-tendon unit (MTU).

The plantar flexor MTU investigated in this study has previously been described as having an
architecture with relatively short and highly pinnate fascicles and long compliant tendons,
well suited to generate force economically (Biewener & Roberts, 2000; Farris & Sawicki,

2012b).

The muscles potential to generate force depends on the distinct properties as the F-L and F-V
relationship. Compliant tendon and aponeurosis enable fascicle length changes to be
decoupled from that of the whole MTU. The decoupling of muscle fascicle length from that
of the whole MTU enables muscle fascicles to work nearly isometrically and close to their
optimal length, regardless of the significant length changes of the whole MTU, thus the
muscle fascicles can generate higher forces economically, and at lower metabolic cost

(Lichtwark et al., 2007). An equally important part of decoupling to the MTU's capacity to
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generate force is the difference in distinct properties between the CE and the EE. Whereas the
muscle fascicles are limited by the rate of the enzymatic processes associated with cross-
bridge cycling, the EE mechanical function is based on its structural basis of collagenous
fibers, and therefore it does not have the same power and shortening velocity limitations as
the muscle fascicles. Thus, muscle work applied to EE in a relative slow contraction, can be
rapidly released, and vastly exceeding the power and shortening velocities of the muscle

fascicles (Roberts & Azizi, 2011).

In their commentary article, Roberts & Azizi (2011), describe the roles biological springs
have in vertebra movement (Figure 7). Or in other words, how the EE of MTU has a diverse
set of roles in locomotion. When the EE is stretched under load, it can store elastic strain
energy, which later in the stance phase, when the EE recoils, can be released. Further,
Roberts & Azizi (2011) describe that the most prominent benefit of springy gait (i.e.
utilization of elastic strain energy) is that the work done by the tendons does not have to be
done by the muscles, and that muscle work is metabolically expensive. Studies on running
turkeys have found that the work done by the EE can be almost twice that of the CE, thus
tendons effectively decrease the work needed by muscles fascicles (Biewener & Roberts,
2000). However, tendons can only store energy when the muscles fascicles generate force,
thus there is a cost to saving and recoiling elastic energy (Roberts & Azizi, 2011). The Fenn
effect, states that active muscles use more energy when performing work, than when only
generating force (Fenn, 1924). Since tendons allow muscle fascicles length to be decoupled
from that of the whole MTU length, muscle fascicles operate almost isometrically and at a
favorable force-length-velocity (F-L-V) relationship (Farris & Sawicki, 2012a; Lichtwark &
Wilson, 2006). Thus, tendon mechanics allow the muscle fascicle to generate more force, and
by that lowering the required active muscle volume to create sufficient support forces
(Roberts & Azizi, 2011). This is in line with the findings of Bohm & colleagues (Bohm et al.,
2019) who found an inverse relationship between energetic cost of human running and the F-
V relationship in the SO muscle. Giving evidence for that the fascicle shortening velocity of

the soleus is a determining factor of running economy.
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Figure 7: illustration of the triceps surae during different task: (4) Energy conservation, (B) Power amplification, (C)
Power attenuation. Figure from (Roberts & Azizi, 2011).

Several studies have showed the elastic energy conservation occur in the triceps surae during
walking (Cronin et al., 2013; Fukunaga et al., 2001), running (A. K. M. Lai et al., 2018;
Lichtwark et al., 2007; Monte et al., 2020) and hopping (Lichtwark & Wilson, 2005). These
studies showed that; at ground contact, muscle fascicles shortened at relatively low velocities
thus acting almost isometrically. At the same time the EE lengthened in the first part of the
stance phase, before subsequently recoiling in the later part, and thus returning most of the
energy stored in the tendons during lengthening. Since tendons doesn 't utilize chemical
energy in form of ATP, the contributions of elastic energy from the EE increase running

efficiency.

Tendons loaded directly by the contraction of muscle fascicles can release the energy rapidly
to the body. If the energy is released more rapidly than it is stored, muscle power can be
amplified (Roberts & Azizi, 2011). The energy released by the tendon is equal to, or slightly
less (given some energy loss/ hysteresis) the work done by the muscle, however it can be
released in a shorter amount of time, thus increasing power output (power = work/time). This
mechanism makes it possible for the MTU to produce power outputs vastly exceeding the

maximal power output of the muscle fascicles.
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Muscle-tendon unit interaction in locomotion

Lai et al., (2014, 2015), found that compliant tendons contributes the bulk of the length
change in the MTU, thereby effectively reducing the muscle fascicle shortening velocity and
allowing a more favorable F-L-V curve to be maintained during the propulsion phase of
running. Further, they showed that the minimal shortening of the fascicles compared to that
of the whole MTU was a factor irrespective of running speed. This is in line with Bohm et al.,
(2019) who found that the decoupling of fascicle trajectories from that of the MTU resulted
in a 4.5-fold reduction in the fascicle operating velocity during running. During one legged
hopping Lichtwark and Wilson (2005) found that the AT was able to return approximately
76% of the energy stored in the downward motion and recoil this in the upward motion. Thus,
providing substantial amount of the total mechanical energy in the hop (16%). Typical length
change of the gastrocnemius MTU and fascicle lengths during on legged hopping is showed
in Figure 8. here we can clearly see that the tendon does the bulk of the length change in the

MTU.
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Figure 8 This figure shows the average change in Achilles tendon length (dotted line). The gastrocnemius muscle-tendon
unit length (solid line), and the approximate fascicle length during one legged hopping. From (Lichtwark & Wilson, 2005)
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Increasing speeds

Dorn et al., (2012) and Lai et al., (2015) found that when running speed increases, so does the
muscle fascicle shortening velocity. However, the muscle fascicle shortening velocity was
relatively low compared to that of the whole MTU, with the rate of shortening for the
fascicles never surpassing 30% of that of the MTU. And the maximum shortening velocity
was always less than 3 lengths per second (Lo s'), which would be less than 1/3 of the
assumed maximal shortening velocity at approximate 10-13 Lo s (Zajac, 1989). Lichtwark et
al., (2007) found that during running at 7.5 km h™!, the muscle fascicles shortening velocity
was 0.54 Lo s™'. Considering the theoretical maximal shortening velocity described previously
this is very slow, and thus the muscle fascicles operate at an optimal level for high force with
small amount of work and high efficiency (i.e., favorable position on the F-L-V curve). While
the muscle fascicles operated at slow speeds, the whole MTU, due to the stretch and recoil of
the tendon operated at approximately 6 muscle fascicle Lo s”'. Similarly, Lai et al. (2015)
found that fascicle shortening velocity increased continuously when running speed increased
from 2.0 — 5.0 m s™'. Whereas the MTU shortening velocity increased up to a speed of 4.0 m

s'!, but remained unchanged from 4.0 ms™ to 5.0 m s

Increasing incline

Lichtwark and Wilson (2006), found an increase in muscle fascicle length with increase in
grade. This was likely due to the increased in the whole MTU length occurring because of a
more dorsi-flexed ankle, as well as changes in the force requirements. Thus, the muscle

fascicle length during force production increased.

At level running, Farris and Sawicki (2012a), found that the ankle accounts for 42-47% of the
net positive power. In line with this, Roberts and Belliveau (2005) found that at level running
the hip contributed almost nothing to the net power, thus the power came mainly from the
knee and ankle plantar flexor. However, at 12° incline the hip performed =~75% of the total
net work because of its increased moment arm. This means may suggest that as incline

increases, the role of the plantar flexors becomes less important
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Biomechanics of diagonal stride XC-skiing

The use of skies allows for gliding/rolling in a substantial part of the gait cycle, accounting
for about 47% of cycle duration at 2° incline and 37% of cycle duration at 10° incline
(Pellegrini et al., 2014, 2020), which increase stride length. Propulsion is done by both legs
and arms through the use of skies and poles, thus XC-skiing can be viewed as a four limbs
gait (Pellegrini et al., 2014). In diagonal stride the arms and legs move in a coordinated
pattern that resembles running. During each cycle there is a substantial glide phase, , this is
followed by a propulsive action of the leg, described as a backwards kick when the skies
motion in relation to the ground surface is zero, this requires a certain amount of static
friction (Pellegrini et al., 2020). When skiing on snow this friction is created by pushing
down the ski camber so that the wax can “grip” the snow. Thus, grip when skiing on snow
varies with snow conditions, wax type, stiffness of the ski camber as well as the skiers
technique. However, roller skies have a ratchet wheel mechanism, which only allows the

wheel to move in the forward direction, giving roller skies almost unlimited grip.

Energy dissipation

Kehler et al., (2014) found that DIA initially appear similar to running with an in-phase
energy fluctuations, but in contrast to running, Kinetic energy (KE) is lost to friction in the
glide phase. Work lost to the environment due to drag or friction cannot be stored and
recovered within the EE to help power cyclical movements (Roberts & Azizi, 2011). Energy
lost in skiing is primary due to ski/snow friction or roller resistance and aerodynamic drag
force. In their commentary article, Roberts and Azizi (2011) notes that during locomotor
movements, the storage of muscle work in elastic elements may allow muscles to perform
work during a period e.g., the glide phase, when the application of power to the body is
constrained by kinematics or kinetics. Accordingly, it may be possible to store muscle force

in the tendons during the glide phase, even though the mechanical energy is dissipated.

Muscle mechanics during diagonal stride XC-skiing

In a review article, Zoppirolli et al., (2020) found that cycle length is related to better skiing
performance and skiing economy in DIA. Further, maximal speed was associated with greater
propulsion forces by the legs as well as shorter relative phase of leg propulsion. Thus,

increased power due to favorable muscle-tendon dynamic may increase performance
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Komi and Norman (1987) theorized that there is a similar muscle-tendon dynamic in DIA, as
seen in running. They reported a stretch-shortening cycle of the MTU during DIA. Further,
Kehler et al.,(2014) theorized that a preload phase prior to the kick may facilitate elastic
energy storage, that may contribute to a more beneficial muscle-tendon dynamic, by
conserving some of the gravitational potential energy (GPE) and amplify the force output in

the late part of kick.

Studies on muscle-tendon behavior in DIA XC- skiing measuring the fascicle length and
shortening velocity directly has not been conducted yet. Advances in technology the recent
decades have seen new and more accurate ways to examine muscle-tendon unit behavior.
With ultrasound imaging we can directly measure the muscle fascicles length and length
changes in vivo during gait. Using three-dimensional (3D) motion capture we can estimate
the 3D kinematic changes of the MTU. Therefore, it is now possible to accurately study the

muscle-tendon behavior and whether it store and recoil elastic energy.
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Materials and methods

Participants

13 elite senior XC-skiers (8 male and 5 female) participated in this study. Table 1 show the
participants characteristics. The participants were required to have at least 5 years of
experience in XC-skiing and roller skiing. Further the participants were required to compete
or recently have competed at least on the level of either Norwegian XC Cup, the
Scandinavian XC Cup or the World Cup. All participants were familiar with roller skiing on a

treadmill. Their level varied from world class (n=7) to skiers at a high national level (n=6).

Table 1. Participants anthropometrics

Mean + SD
Age (years) 26.5 4.8
Height (cm) 179.3 8.0
Body mass (kg) 72.8 6.2

Ethics statement

Prior to the study an ethical approval from The Ethics Committee of the Norwegian School of
Sport Sciences was obtained (case number: 22102017). The approval for collection and
storage of data for this project and it’s security, was obtained from the Norwegian Center for
Research Data (NSD) (case number: 571816). All the participants were informed about the
experimental protocol and potential risk of the study, as well the right to withdraw from the
study at any point without providing a reason, through an information letter. All participants
provided written consent. Therefore, the ethic of this study was done in accordance with the

Helsinki-declaration and the ethical requirements of the institutions.

For ethical approval and information letter see appendix 1

Experimental protocol
This was an experimental test, done under controlled conditions in a biomechanics lab. All
test on a participant was done on one day, and in total they spent around one and a half hour

in the lab.
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Muscle-tendon mechanics, kinematic, kinetic, and muscle activity measurements were
performed while the participants roller skied on a motorized treadmill (size 4.5 m x 3 m)
(Rodby, Vinge, Sweden) using DIA under three different conditions. All the participants
used the same pair of roller skies (IDT Sport classic, Lena, Norway), the ratchet wheel
mechanics was moved from the back wheel to the front wheel, since this would (at least in
theory) require the skier to push more perpendicular to the surface, thus creating a more “on
snow” like biomechanics. Participants used poles with ferrules (spikes) designed for treadmill
use. The participants self-selected the pole length and pole length was in accordance with the

international regulations (83% of height) (FIS, 2020).

The participants followed a standardized warm-up of 10 minutes, (7 min at 2.5ms™! and
incline of 5°, one min at 10°, then 30 second at 3.5ms™ at 5°, then back to 2. Sms™' for one
min). The warm-up included at least 30 seconds on each of the conditions such that the
participants could get used to the speed and incline. Since roller skies open up to different
biomechanical solutions than on snow skiing, the participants were asked to mimic the on-

snow technique to the best of their ability.

The test protocol included three conditions with two trials per conditions:

- The first condition was diagonal stride at an incline of 5°, and a relative low speed at
2.5ms™!. Hereafter called DIA,.r

- The second condition was diagonal stride at an incline of 5°, and a relative high speed at
3.5ms™!. Hereafter called DI

- The third condition diagonal stride at an incline of 10°, and a speed of 2.5ms'. Hereafter

Called D[Asteep

For each condition the participant accelerated up to desired speed, then data was collected for
10 seconds. The data collection started with a trigger signal from the ultrasound (US)
measurement making sure that the kinematic, Kinetic and EMG data were synchronized to
US data. After the data collection the participant was deaccelerated to a full stop. Between
each trail there was a 2-minute break where data was saved, and the data programs reset
(Qualisys Track Manager (QTM)). Thus, giving the participants enough time to rest between

trials Figure 9 shows the warm-up and test protocol.
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Figure 9: Warm up and test protocol

Measurement of muscle mechanics

Ultrasound

The GM muscle fascicles were imaged using an ultrasound linear array transducer (ArtUs,
Telemed, Vilnius, Lithuania). The transducer was placed to the leg using a custom-made
holder with self-adhesive bandage wrapped around the leg. B-mode images with a field of
view of 50 mm and depth of 65cmm were collected at 117 Hz.

To measure the fascicle length and pennation angle the transducer was placed over the GM

muscle mid belly and aligned with the aponeurosis

For the cables of the US measurement system to not interfere with the poles during trials the
US control units were placed in a custom-made plastic box with Styrofoam. The box was
placed above the participants by an adjustable pulley system. The cables from the US control
unit went down the participants back and were secured around the participants abdomen by

and elastic band (Figure 10).
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Figure 10. Experimental setup: Participant on the treadmill with ultrasound-transducers, reflective markers,
electromyography (EMG) transmitters and force in ski measurement attached. The participant wore an ultrasound-
transducer on the gastrocnemius medialis GM and vastus lateralis (VL), however only data from the GM is presented in this
study. The cables were held in place by elastic bands around the ankle, knee and abdomen, and ultrasound and force control
unit was placed in a box above the participants.

Fascicle length and pennation angle

A semi-automated tracking algorithm (UltraTrack v5 2 2.m) was used to analyze fascicle
length and pennation angle (Farris & Lichtwark, 2016)(Cronin et al., 2011). The fascicle and
aponeurosis were clear and visible in all subjects. However, a frame-by-frame analysis with
manual correction of fascicle and aponeurosis whenever the tracking algorithm was
insufficient was performed. Manual corrections were performed by the same researcher for

all participants.

Fascicle length was defined as being the length between the fascicle insertion of the
superficial aponeurosis to the deep aponeurosis, under the assumption that the fascicle
trajectory is linear. Linear extrapolation was used to define fascicle length when fascicle
insertion exceeded the ultrasound imaged. Pennation angle was defined as the mean of the

angle of insertion between the fascicle and the deep and superficial aponeurosis. (Figure 11)
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SUPERFICIAL APONEUROSIS

GM.FASCICLE

Figure 11: Ultrasound imaging of the gastrocnemius (GM) muscle and aponeurosis. PA GM = Pennation angle
gastrocnemius medialis. The pennation angle used in this study is calculated from the mean angle of the fascicle insertion on
the deep and superficial aponeurosis.

Muscle fascicle lengths measurements may vary depending on where you put the ultrasound
probe (Lai et al., 2015; Lichtwark et al., 2007). Lichtwark et al (2007) showed that the distal
fascicles tend to shorten more and work at greater pennation angles than the more proximal
fascicles. Thus, the muscle fascicle length is not homogenous throughout the muscle.
However, the authors concluded that the mid-belly of the muscle provides a good estimation
of the average length changes across the muscle. Thus, this is where the probe was placed in

this study.

MTU length

MTU GM length was estimated using the formula form (Hawkins & Hull, 1990), which is a
model for estimating lengths of lower extremity muscle-tendons units during flexion/
extension movements:

L = CO0 + Cly + C2B + C3B?% + C4¢.
In this expression L represent the normalized muscle-tendon length, CO to C4 are regression

coefficients, and y, f and ¢ are the hip, knee, and ankle flexion angles respectively in

degrees.
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For the formula for gastrocnemius medialis is as follows:

MTU GM = 0900 — 6.20E — 4 x (knee angle) + 2.14E — 3 * (ankel angle + 90).

Ankle, knee and hip angles was calculated in Visual 3D (C-motion, Germantown, MD, USA)
The GM Fascicle shortening velocity (dFL) and MTU GM shortening velocity (AMTU) was

calculated from numerical differential of FL and MTU, respectively.

EE length
To estimate the length of EE, length of the muscle fascicles in the direction of the tendon was

subtracted from the entire MTU length (Fukunaga et al., 2001; Lichtwark et al., 2007):

EE GM = MTU GM — (Fascicle length * cos(pennation angle * (1/180)).

This model, used in most research to calculate the EE length, assumes that all EE work in

series with the muscle fascicles (Fukunaga et al., 2001).

Shank length
Shank length was defined as the mean distance between the Right lateral femoral epicondyle
(RLEPI) and the Right lateral malleolus (RLM) using the formula for distance between two
points in 3D space:

d = ((xz = x)* + (2 = y1)? + (22 — z)HY2
Kinematics
Kinematic data was collected at 150Hz using the Qualisys system with 12 infrared Opus 400
and 700 cameras (Qualisys AB, Gothenburg, Sweden). The 12 cameras mounted at different
heights and angles encircled the treadmill to make sure all markers in the area of movement

was registered.

Spherical reflection markers (12mm, Qualisys AB) were placed in accordance with
(Robertson et al., 2014) at key anatomical position at the hip and right leg, and additional
reflective markers where placed on relevant sites of the equipment. Complete marker list can
be found Table 2. The foot markers were placed on the outside of the shoe. Reflective details

on shoes and clothing were masked with tape as to not interfere with the other markers.
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Tracking markers (cluster of three reflective markers on a custom-made triangular base) were

placed on the thigh and shank of the participants with two-sided tape as well as sport tape.

Focus and aperture were adjusted for each camera prior to the first test. The system was
calibrated dynamically using a calibrations wand (750 mm) and a stationary calibration frame
consisted of 4 markers in an L shape (X, Y, Z), during a calibration period of 45 seconds. In
this period the wand was constantly moving within the estimated volume of movement in the
trials . The calibration was successful when a sufficient volume was covered, and the
estimated average residual value was below Imm (computed by the Qualisys Track Manager

(QTM) system). Average residual value was 0.511 + 0.041 mm.

The coordinate system was as follows: Y was defined as the same direction as the locomotion
and positive in forward direction, Z-axis was perpendicular to the treadmill belt with positive
direction pointing upwards. The X-axis was horizontal with positive direction being right.
With changing incline, we used a function in MatLab (version 9.9.0 (R2020b), The
MathWorks Inc., Natick, MA, USA) to rotate the coordinate frame so that the y-axis is
parallel to the locomotion forward direction and the z-axis is perpendicular to the treadmill

band. The x-axis remains horizontal.

Markers were identified using an automatic identification marker (AIM) model, gap fill
function was used when needed. In one static trial, used to create the skeletal model in visual
3D, one marker was missing (RMEPI) and a special script in MatLab was used to gap fill this

marker.
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Table 2. Description of the reflective marker placement

Segment Marker Position

Body markers RASIS Right anterior-superior iliac spine
LASIS Left anterior-superior iliac spine
RPSIS Right posterior-superior iliac spine
LPSIS Left posterior-superior iliac spine
RLEPI Right lateral femoral epicondyle
RMEPI Right medial femoral epicondyle
RLM Right lateral malleolus
RMM Right medial malleolus
RHEEL Right heel (i.e., most prominent point)
RTOES Right fifth metatarsal head
RTOEI Right second metatarsal head
RTOE2 Right first metatarsal head

Segment markers RTH 1-3 Right thigh segment marker
RSH 1-3 Right shank segment marker

Equipment markers RSA Right roller ski anterior
RSP Right roller ski posterior
LRSA Left roller ski anterior
LRSP Left roller ski posterior
PRU Pole right upper (15 cm below handle)
PRL Pole right lower (60 cm above spike
PLU Pole left upper (15 cm below handle
PLL Pole left lower (60 cm above spike)
TPA Treadmill position anterior
TPP Treadmill position posterior
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Muscle activity

EMG data was recorded using a telemetered system (Aktos, Myon, Schwarzenberg,
Switzerland) with a sampling frequency of 2100 Hz. Bipolar surface electrodes (24 mm
diameter) (Kendall Arbo H124SG electrode, Coviden, Minneapolis, USA) were mounted on
the skin overlying the muscle belly of Vastus lateralis (VL), Biceps femoris (BF),
Gastrocnemius lateralis (GL), Soleus (SO) and Tibialis anterior (TA) in accordance with
Seniam (Surface Electromyography for the Non-Invasive Assessment of Muscles)
recommendations (Hermens et al., 2000). Prior to the fastening of the EMG electrodes the
skin was shaved using a one-time razor and rinsed with isopropanol. The EMG transmitters
(Aktos waterproof EMG transmitter, Myon Schwarzenberg, Switzerland) were connected to

the electrodes and secured using double-sided tape and sports tape.

To check the EMG signal for clarity and strength the participants were asked to perform
isolated dynamic muscle movements. The participants were asked to perform a squat (VL), a

leg curl (BF), a calf raise (GL and SO) and an ankle dorsi flexion (TA)

EMG was normalized to the maximum processed EMG value (EMGwmax) obtained from the
participants during DIA.r. Threshold value for muscle activity was set to 25% of peak based

on the recommendations of Ozgiinen et al. (2010).

Force measurements

To get force measurements from the ski, we put two Force Sensitive Resistors (FSRs,
Flexiforce A201, Tekscan) under the ski binding measuring at 2100Hz and load range 0-
445N. To ensure that all forces between foot and ski were transmitted through the FSRs, we
built a custom-made rectangular disc with a circular piston (10mm) to press against the FSR’s

sensing areas. We had one FSR placed under the forefoot, and one placed at the heel.

The FSR was connected with the Telemyo 2400T G2 transmitter (Noraxon, Arizona, USA)
via an extra-long cable (same cable management as US). The FSR was secured with double-
sided tape and the cables were secured to the ski with plastic strips and to the leg of the

participant and around the participants back with elastic bands.
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Between warm-up and trials, three calibration measurements of the force in ski were
conducted. One zero force measurement where the participant lifted the right ski of the
ground. One heel measurement where the participant balanced his/her bodyweight on the
heel. And one forefoot measurement where the participant balanced his/her bodyweight on
the forefoot. Offset for each sensor (b1 and by) was acquired from the first recording (ski off

ground). The two gains (s1 and s2) were determined by solving the system of equations:
1=ys; (x1,1 — b1) + s, (xz,l — bz),
1=ys; (xl,z — b1) + s, (xz,z — bz),
where x;j and x;j are the FSR outputs from sensor i (forefoot or heel) and recording j (weight
on forefoot or weight on heel). Hence, the sum of the two FSRs after calibration should equal

force normalized to body weight.

Data processing and statistics

Phase division

We divided one cycle (i.e., from initiation of kick to next initiation of kick) into three phases.
The kick phase, where forward propulsion is generated, the swing phase where the leg is
relocated, and the glide phase where participants glide/ roll on the skies. Furthermore, we

divided glide into two equal phases, glide first and glide last.

Kick phase

Kick phase was defined as when the ski speed (v ski) was equal to that of the treadmill speed
(i.e., the ski is not moving relative to the ground surface). In accordance with Pellegrini et al.,
(2014, 2020) ski speed was defined as equal to the treadmill speed when v ski remained
below a threshold of 0.5 km h™! relative to the treadmill belt. We used the reflective marker
placed anterior on the right roller ski (RSA) as reference for the position of the ski in Y-axis.
Then, we used the derivate of position data of the roller ski marker, thus giving us the
velocity in m s™'. This multiplied with 3.6 gives us the speed in km h!. The velocity was put

through a low-pass Butterworth filter with a cut-off frequency of 20 Hz

Glide phase and swing phase
The start of swing phase was defined as end of kick (i.e., v ski > 0.5 km h™'), whereas the start

of glide phase was defined as the greatest force increase form the force ski measurement,
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calculated from the numerical differential of the force curve. Further, glide phase was divided

in the first half and second half of the glide phase, referred to as “glide first” and “glide last”.

Time normalization
All data was time normalized to 101 points per cycle. The start of the cycle was defined as
initiation of the kick, with the next cycle starting at the initiation of the subsequential kick.

Then the average of five complete cycles for all variables were used further for the analyses.

Filter and Processing

Filtering of kinematic and ultrasound data was performed with a lowpass digital zero-phase
Butterworth filter with a cutoff frequency of 15 Hz. For force filtering, a cutoff of 30 Hz was
used. EMG data was filtered through a bandpass Butterworth filter with low cutoff of 10Hz
and high cutoff of 500Hz, then moving root mean square (RMS) was calculated. Linear
interpolation was performed on ultrasound data resampling it to the same frequency as the

kinematic data.

Statistical analysis
Statistical test was performed using Prism (Version 9.1.1, GraphPad Software, LLC, San
Diego, CA, USA)

To test our first hypothesis, we used a single-sided One Sample T-test. All variables were
check for normality using a Shapiro-Wilk's test (p > .05). Whenever variables were not
normally distributed a Wilcoxon signed-rank test was performed. The hypothetical value was
set to 0 for all variables except for force and EMG, which was set to 1 for force, and 0.25
(25% of peak) (Ozgiinen et al., 2010) for EMG. Statistical significance was set to (P<.05),

and data are presented as mean = standard deviation (SD).

For our second hypothesis, a repeated measures One-Way ANOVA with a Geisser-
Greenhouse correction was performed to test the effect of increased speed and incline. We
then performed a Sidak post hoc test where we compared the mean of each column with the
mean of DIA..r. Statistical significance was set to (P<.05), and data are presented as mean +

SD.
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Statistical power

Statistical power analysis was conducted prior to the study using G*Power (Version 3.1.9.6)
(Faul et al., 2007)(Faul et al., 2009) to estimate a sufficient sample size, and to estimate effect
size. US Fascicle data from running at different speeds and incline was used as an estimate
for expected values (mean + SD) during diagonal stride at different speeds/ incline since
there is currently no available fascicle data in XC-skiing. The data was retrieved from (Bohm
etal., 2018; A. Lai et al., 2015; Lichtwark & Wilson, 2006) and consisted of GM fascicle
length and maximum shortening velocity, SO fascicle length changes during stance, and
operating length during running. Significance level was set to (& < 0.05) and statistical
power (1 — ) was set to 0.8. The estimated sample size required to show significant
differences was calculated to 9 participants for fascicle shortening velocity in gastrocnemius
muscle. For difference in fascicle length of the GM, the required sample size was calculated

to 12 participants.
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Results

Muscle-tendon behavior during diagonal stride xc-skiing

Phase characteristics

Average cycle time for each condition can be found in Table 3. The kick phase in DIAer
(which is the phase from zero to the first vertical line in Figure 12 accounted for 15.9 + 1.7%
of the cycle length. The swing phase, which is the phase from the first vertical line to the
second vertical line (Figure 12), accounted for 42.3 + 2.5% of the cycle, and the glide phase

(second vertical line to end in Figure 12) accounted for the last 44 + 1.8% of the cycle.

MTU behavior

There is a stretch-shortening cycle in the MTU during the kick phase with a significant
stretch of the MTU in the first part 9.91 + 0.29 mm (P<.0001), followed by a significant
shortening of the MTU 24.29 + 7.79 mm (P<.0001) (Figure 12). With a net shortening of
14.4 £ 8.7 mm (P<.0001) during the entire kick phase. Furthermore, there is a significant
stretch of the MTU in the late glide phase 5.81 £ 0.36 mm (P<.0001). Even though there is a
significant shortening throughout the entire glide phase of 10.76 + 4.27 mm (P<.0001).

There is a stretch and shortening happening in the EE during the kick phase (Figure 12) with
a significant stretch in the first part of the kick phase 14.18 + 5.66 mm (P<.0001), and a
significant shortening in the late part of the kick phase 18.56 = 7.59 mm (P<.0001). With a
net shortening during the kick phase of 4.37 + 7.93 (P=.0351).
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Figure 12 Gastrocnemius medialis (GM) muscle-tendon unit (MTU) length, GM fascicle length, GM MTU velocity, GM
fascicle velocity, length of the GM elastic elements (EE), and pennation angle during diagonal stride cycle. Solid lines are
the group means. The shaded area is the + SD. The first stippled vertical line represents the end of the kick phase and the

second vertical line represents the start of the glide phase. The dotted vertical line in MTU and fascicle velocity represents
zero velocity. Time-series are normalized to 101 points.

Fascicle behavior

The GM muscle fascicle showed a significant shortening during the kick phase of 9.1 + 2.7
mm (P=<.0001) (Figure 12) with a mean fascicle shortening velocity of 44.8 + 13.1 mm s
(P=<.0001), showing a significant concentric muscle contraction in the GM muscle during
the kick phase. There was no significant fascicle shortening during the last part of the glide
phase. Pennation angle increased during kick 6.4° + 1.8°degrees (P=<.0001) and it increased

during the last part of the glide phase 1.8° & 1.3°degrees (P=.0002)

The GM fascicle shortens throughout the entire kick phase, whereas the MTU stretches in the
first part of the kick phase and shortens in the later part. This can be seen in Figure 12 where
MTU velocity in the first part is positive (meaning MTU lengthens) and crosses zero and
becoming negative in the later part, meaning the MTU shortens. The muscle fascicles are

constantly shortening throughout the kick phase, but the shortening velocity of the fascicle is
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relatively low compared to the shortening velocity of the MTU, with a peak fascicle

shortening of 73.8 = 32.0 mm s™' compared to the peak shortening velocity of the MTU of
3753 + 64.8mm s,

Muscle activation

During the kick phase, both muscle activation of the GL and SO muscle was significantly

active based on a threshold value of 25%, with a mean EMG activity level at 66.7 £ 11.7 %
of EMGmax and 65.8 + 4.0 % of EMGnax for the GL and SO muscle respectively. During the

late part of the glide phase, we found no significant muscle activation in the GL muscle.

However, we found a significant muscle activation in the SO muscle in this phase 29.3 + 7.0

% of EMGmax (P=.0227) (Figure 13).

EMG GL
Normalized
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Figure 13 Electromyographic (EMG) activity of gastrocnemius lateralis (GL) and soleus (SO) during diagonal stride cycle.
Solid lines are the group means, and the shaded area is + SD. EMG is normalized to peak muscle activity during DIAre.y.
Time series are normalized to 101 points.
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Qualitatively we can see that the force is above 1 which equals to body mass for a major part
of the kick phase (Figure 14). As expected, the force is equal to zero in the swing phase when
there is no contact between the ski and the ground. In the glide phase, the force is around 1 or
equal to body mass. During the late part of the glide phase there appear to be a decline of
force with an average minimum value 0.8 £ 0.4, prior to an increase in force with an average

maximum value of 1.4 £+ 0.6.

Force normalized to body mass

0 10 20 30 40 50 60 70 80 90 100
Normalized stride (%)

Figure 14 Normalized Force in ski. The solid line is the group mean. The shaded area is + SD. The first stippled vertical lines
represent the end of the kick phase and the second represent the start of the glide phase. The dotted horizontal line starting
in 1 represents the body mass, the dotted line starting at zero represents zero force. Force measurements are normalized to
body weight. Time series are normalized to 101 points

Effect of increased speed and incline on muscle-tendon behavior during diagonal
stride xc-skiing

MTU behavior

There was a significant effect of both speed and incline on the stretch of the MTU during the
kick phase, with the peak length being higher in both the DIA st and DIAgteep compared to the
DIA er (Figure 15). The peak length of MTU during the kick phase in DIAef was 516.7 = 30.4
mm. In DIAgs, the peak MTU length increased to 518.6 + 31.4 mm, with a mean difference
of 1.8 mm (P=.0022). Peak MTU length increased to 522.2 + 31.8 mm in DIAsteep, and the

mean difference compared to DIAer was 5.4 mm (P<.0001).
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EE followed a similar trend as the MTU. EE peak length during the kick phase in DIA.r was
481.7 = 31.4 mm. In DIA g the peak length increased by 2.17 mm to 483.9 + 32.6 mm
(P=.0172). In DIAseep peak EE length increased to 488.7 + 33.5 mm, an increase of 7.1 mm
(P<.0001).
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Figure 15 Gastrocnemius medialis (GM) muscle-tendon unit (MTU) length, length of elastic elements (EE), and MTU velocity
during diagonal stride under three different conditions (DIAref, DIAsas, and DIAsteep). Dotted vertical lines show the end of the
kick phase and the start of the glide phase for the different conditions. Vertical lines indicate the end of the kick phase and
the start of the glide phase. Time-series is normalized to 101 points

The MTU length changes during the part of the kick phase where MTU stretches. Increased
significantly with both increased speed and increased incline. The length change of MTU
during DIAer was 9.91 + 2.88 mm. In DIAgs, MTU length change was 16.4 + 6.36 mm, and
the mean difference between DIAer and DIA#s increased by 6.49 mm (P=.0003). The length
change of the MTU during DIAsteep was 16.0 £ 6.23 mm, thus having a mean difference 6.1

mm compared to DIA er.
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EE follow a similar trend as MTU. The length changes of EE in DIAf during MTU stretch
were, 14.2 + 2.9 mm. Length changes of the EE in DIAfs were 21.3 + 7.8 mm with a mean
difference from DIAer of 7.1 mm (P=.0019). The length change of EE during DIAgce, was
21.2 £ 7.9 mm, with a mean difference from the DIAet of 7.0 mm (P=.0031).

Even though MTU showed significantly different length changes during the MTU stretch
phase as a factor of speed and incline, MTU did not show differences in length changes

during MTU shortening.

Length change in EE during MTU shortening for DIA.f was 18.6 = 7.6mm. In DIAfs, the EE
length change during MTU shortening was 21.58 + 11.1mm, which was not significantly
different from the length changes in DIAr.r. EE length change in DIAsteep was 26.1 + 14.8mm,
thus the mean difference between DIAer and DIAsteep was 7.6 mm (P=.0473).

Fascicle behavior

Mean fascicle shortening velocity of GM during kick does not significantly differ between
DIAef and DIAfs, with a mean shortening velocity of 44.8 + 13.1 mm s and 45.6 + 17.0
mm s™! for the DIArer and DIA g respectively (Figure 16). The mean fascicle shortening
velocity of GM during kick during DIAswep Was significantly lower from the fascicle
shortening during DIAf with a shortening velocity of 34.2 = 14.8 mm s™', and the mean
difference 10.6 mm s (P=.0007).

There were no significant differences in peak GM fascicle shortening velocity during kick
between DIA r and DIArs, with peak fascicle shortening velocities of 73.8 = 32.0 mm s!
and 78.3 =+ 38.1 mm s™! for the DIArer and DIAgg. The peak shortening velocity of GM in
DIAsteep Was significantly lower from the peak fascicle shortening velocity of DIArr. With
peak fascicle shortening velocity in DIAsteep of 65.9 = 29.8 mm s! and the mean difference of

DIArer and DIAgieep of 7.9 mm s (P=.0346).
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Mean fascicle length did not vary significantly across the conditions. Length changes in the

fascicle length were significantly different between DIAer and DIAsteep, with mean length
change for DIArf0f 9.1 + 2.7 mm and the mean length change DIAsteep of 7.6 £ 3.2 mm.
Given a mean difference of 1.5 mm (P=.027). Fascicle length change between DIAr and

DIAfst was not significant.
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Figure 16 Gastrocnemius medialis (GM) fascicle length, fascicle velocity, and pennation angle during diagonal stride under

three different conditions; DIAref, DIAsst, DIAsteep. Dotted vertical lines show the end of the kick phase and the start of the

glide phase for the different conditions. Time-series is normalized to 101 points.

Muscle activity

Increase in speed had no significant effect on the integrated EMG (i(EMG) for the GL and the

SO muscle during the kick phase. However, there was an effect of incline on iIEMG, with

DIAgsteep showing increased muscle activity compared to DIArr. iIEMG for GL was 0.14 +

0.02 for DIAer vs. 0.22 & 0.03 for DIAgeep with a mean difference 0.07 (P<.0001). For SO the

iIEMG increased from 0.14 £ 0.01 in the DIArerto 0.20 £ 0.02 in DIAgeep (P<.0001).
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Both speed and incline affected peak muscle activity during the kick phase (Figure 17). The
peak muscle activity increased with 23.1% (P=.0006) for the GL muscle and 10.7%(P=0.025)
for the SO muscle with increased speed. With increased incline, the peak muscle activity

increased with 23.8% (P=0.037) in the GL muscle, and with 15.4% (P=.0001) in the SO

muscle.

DIA steep
DIA fast
DIA ref

EMG GL Normalized

100

EMG SO Normalized

40 50 60 70 80 90 100
Normalized stride (%)

Figure 17 Electromyographic (EMG) activity of gastrocnemius lateralis (GL) and soleus (SO) during the diagonal stride. Data er
mean for three different conditions (DIAres, DIAfast, and DIAsteep). Vertical dotted lines indicate the end of the kick phase and the
start of the glide phase. Time series are normalized to 101 points.

Cycle characteristics
The cycle time for each condition as well as the duration of the kick, swing, and glide phase
can be found in Table 3. Cycle time gets significantly shorter with both increased speed and

increased incline, with a mean difference 0.12 + s (P<.0001) and 0.18 s (P<.0001) for

increased speed and increased incline respectively.
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Table 3 Cycle and phase time for the diagonal stride during each condition

Cycle time Time kick (s) Time swing (s) Time glide (s)
(s) (% of cycle) (% of cycle) (% of cycle)
DIA et 1.35+0.05 0.21+0.03 0.57 £0.04 0.59 +£0.03
(15.9%) (42.4%) (44%)
DIAfast 1.23£0.07*  0.19 +0.04* 0.53 £ 0.04** 0.53 £0.03**
(15.6%) (43.0%) (43.5%)
DIAsteep 1.17£0.05*  0.24 +0.04* 0.51 £ 0.04** 0.44 £ 0.03**
(20.8%)** (43.5%) (37.8%)**

Values are mean + SD; s = seconds; DIAer=2.5m s}, 5%; DIApg = 3.5 m s, 5°; DIAgeep =
2.5m s, 10°; * = significantly different from DIA.f (P<.05); ** = significantly different
from DIA e (P<.01).

The duration of the kick phase gets significantly shorter in DIAfst with a mean difference of
0.02s (P=.0332). whereas the duration of the kick phase increases with increased incline,

mean difference 0.03s (P=.0101).

Percentage wise there is no significant difference in the relative duration of the kick
(compared to the entire cycle) between the DIAer and DIAs. However, at an increased
incline there is a significant increase in the percentage wise duration of the kick phase with a

mean increase of 4.9% (P<.0001)

Duration of the glide phase is significantly shorter for both DIAf.st and DIAgeep compared to
DIAer with a mean difference of 0.06 s (P<.0001) and 0.15 s (P<.0001) for DIAf.s and
DIAsteep, respectively. There is no significant difference percentage wise between the DIAer
and DIAgs but there is a significant decrease in the percentage wise duration of the glide

phase in DIAswep compared to DIA s with a mean difference of 6.2% (P<.0001).

Swing time is significantly lower for both DIAfst and DIAseep, with a mean difference of 0.04
(P=.0029) and 0.06 (P=.0002) respectively. However, there are no significant changes
percentage wise meaning that the change in cycle time came from differences in the kick and
glide phase, whereas the percentage swing time remains similar during the different

conditions.
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Discussion

In this study, we investigated the gastrocnemius muscle-tendon mechanics during DIA on
roller skies. We combined ultrasound measurements with kinematic and kinetic
measurements to better understand the mechanics of the GM MTU and how it is affected by
external condition i.e., speed and incline. The main findings in this study are that fascicles
shorten throughout the entire kick phase, whereas the MTU undergoes a stretch-shortening
cycle. Thus, elastic energy can be stored in the EE and then later be released during the kick
phase. Further, MTU lengthens in the last part of glide, whereas the fascicles remain
isometric. However, data on whether the muscle was active in the last part of glide were
inconclusive, since SO muscle was active, whereas GL muscle was not. MTU stretch
increased with both increased speed and incline, likely because the MTU modulates it
function when under different time constraint. Lai et al., (2014) and Monte et al., (2020)
found that as running speed increases so does the relative contribution of tendon elastic strain
to the positive work done by the MTU, thus, the tendon stretch is increased. Werkhausen et
al., (2019) found that at increased load (which is comparable to increased incline in this
study) allowed fascicles to operate at lower shortening velocities and therefore contact under
favorable conditions to produces increased force, which may explain the increased stretch of

the MTU and EE.

Muscle-tendon behavior and biomechanics during diagonal stride XC skiing

The main hypothesis was that the propulsion was generated by concentric muscle contraction
in the kick phase, while the MTU and EE undergoes a stretch-shortening cycle during the
kick phase. The data confirmed this with the fascicle continually shortening throughout the
entire duration of the kick. Further, the data show that the MTU undergoes a stretch followed

by a shortening during the kick phase, and the same is true for the EE (Figure 12).

The data shows that the MTU length changes and fascicle length changes are decoupled from
each other with MTU lengthening in the first part of the kick phase before shortening (recoil)
in the later part of the kick phase, whereas the fascicle shortens throughout the entire kick
phase. This can also be seen in the velocity of the fascicles compared to the velocity of the
MTU. The fascicles have a negative shortening velocity through the entire kick phase (i.e.,
continuous shortening of the fascicles). Whereas, the MTU has a positive shortening velocity

(i.e., lengthening) in the first part, before having a negative shortening velocity in the later
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part (i.e., shortening). This is in line with other studies done on running (Lichtwark et al.,
2007). The shortening of the fascicles throughout the kick phase implies that energy
generated by the muscles are stored within the EE, as MTU lengthens in the first part of the
kick phase. Before this energy is utilized in the late part of the kick phase as the MTU and EE
shorten rapidly.

The peak MTU shortening velocity is five times higher than the peak velocity of the muscle
fascicles. (375.3 vs. 73.8 mm s™'). These findings are in line with Lichtwark and Wilson,
(2006), who found that the rate of shortening in the fascicle was typically 25-30% of the total
MTU shortening velocity in running. This means that the elastic recoil of the tendon and
aponeurosis contributed most to MTU shortening. Therefore, fascicles could operate at a
relatively low shortening velocity, allowing the fascicles to work at a more favorable part of
the F-V curve to produce greater force economically. During the kick, the shortening length
changes are three times larger in the MTU compared with the fascicle (24.3 vs 9.1 mm for the

MTU and fascicles respectively).

Furthermore, it was hypothesized that muscle contraction was initiated during the last part of
the glide phase, and that there is a preload phase prior to the kick, as proposed by Komi and
Norman (1987), where elastic energy could be stored. This has been described as an
unweighting phase prior to the kick, and should be visual in the force curve as a decrease in
force shortly before the kick. There was a significant lengthening of the MTU and the EE in
the last part of glide, with muscle fascicles remaining relative isometric, indicating that there
may be a buildup of pretension (and possibly storage of elastic energy) in this phase. To store
elastic energy, the muscle should be active during the lengthening of the MTU and EE. The
SO muscle was significantly active during the last part of the glide phase, whereas the GL
was not. Furthermore, there appears to be a drop in the force curve during the late glide phase
(Figure 3), however, this was not always present at the individual level. This could be due to
either individual differences or due to limitations in our force measurements. Therefore, no
conclusive evidence of muscle activation and storage of elastic strain energy in the last part

of glide was found.

The EMG seems to traverse the threshold for muscle activation (Ozgiinen et al., 2010) only in

the last = 6-7% (Figure 13) of the cycle and thus not be picked up due to the method of phase
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division. However, pennation angle increased in the last part of the glide phase. This may

indicate that the muscle is active since increase in pennation angle requires muscle activation.

Effect of speed and incline on muscle-tendon behavior during XC skiing diagonal
stride

Our second hypothesis is that increased speed and incline influence the muscle-tendon
behavior. We believed that higher speed would increase EMG activation, fascicle shortening
velocity, and stretch of the MTU and EE, as well as affect cycle characteristics by decreasing
the kick time. With increased incline we expected increased muscle activation, similar
fascicle shortening velocity, increased stretch of the EE and EMG, as well as different cycle
characteristics by decreasing overall cycle time. How speed and incline affected each variable

1s described in the sections below.

Cycle time and phase characteristics

Cycle time is significantly affected by both speed and incline (Table 3). If we look at the
phase characteristics as a percentage of the cycle, DIArr and DIA g are similar, meaning
DIAust 1s comparable to DIA e, just with a shorter overall cycle time, which aligns with our
hypothesis about the different time constraints. DIAswep has a shorter cycle time and different
phase characteristics than DIArr. Even though cycle time is shorter in DIAsteep, the kick phase
is longer both in absolute time (s) and relative time (% of cycle), compared with DIAr. The
increased length of the kick phase is likely due to the greater work demand when increasing
the body’s potential energy at a higher incline, this is also evident in a significant increase of
iIEMG. The longer time period to generate force may benefit the contractile conditions,

allowing fascicles to produce force over a longer period.

MTU behavior

Both increased speed and incline had a significant effect on the length of MTU and EE during
the kick phase, with a peak length of MTU and EE being higher in both. The

MTU and EE lengths were the highest in DIAsep, although the length change in DIAfs was
higher. The longer MTU and EE in DIAstep length is likely because of the more dorsi flexed
ankle caused by the increased incline. MTU and EE length changes were highest in DIA s,
indicating a possible increase in utilization of stored elastic energy with advancing speed.

Several studies have demonstrated that utilization of elastic strain energy by the tendons can
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optimize the region where muscle fascicle operate on the F-L and F-V curve at advancing
running speeds, and that the elastic strain energy stored when the Achilles tendon stretches
and recoils increases as function of running speed (Dorn et al., 2012; A. Lai et al., 2014;
Monte et al., 2020). Lai et al., (2014) reported the contribution of the tendon elastic strain
energy to the positive work generated by the MTU to increase from 62% to 75% in the
gastrocnemius when running speed increased. Monte et al., (2020) also found that the
mechanical power provided by the EE during the propulsive phase in running increased as a
function of speed. Thus, the increase in MTU and EE length changes in DIAfst found in this
study may indicate increased utilization of elastic strain energy, since there were no
significant differences in fascicle behavior to explain the increase in force. Thus, the MTU
may prioritize the storage and recoil of elastic strain energy over muscle fascicle work as

speeds advances also in DIA XC-skiing.

Fascicle behavior

Contrary to our hypothesis mean fascicle shortening velocity was not significantly affected
by increased speed. However, the mean fascicle shortening velocity in DIAstee, was
significantly lower than the fascicle shortening velocity of DIAer. This is in contrast to the
hypothesis that the fascicle shortening velocities should be similar. However, this is in line
with a study by Werkhausen et al., (2019) who studied the triceps surae muscle-tendon
interaction with increased requirements for force and work during running by increasing both
speed and load (with a weighted west). They found that when ground contact could be
prolonged (i.e., with increased load) fascicle contraction velocity was preserved or lowered
because force was produced over a longer time period. These findings indicate that the
neuromuscular system meets the increased mechanical demand by favoring economical force
production when enough time is available. Thus, the increased length of kick phase in
DIAseep allows muscle fascicle to contract at lower shortening velocities, favoring economical

force production to meet the increased force requirements of steeper incline.

Fascicle length change in DIAseep 1s also significantly lower than in DIA ., whereas there is
no difference in length change between DIArand DIAfs. This may be because as incline
increases so does the contribution of other joints such as the knee and hip joint (Roberts &
Belliveau, 2005). Thus, more of the work is produced by muscles in proximal joints,

decreasing length changes in the GM muscle. Furthermore, Lichtwark and Wilson (2006)
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suggested that the muscle fascicles suggested that the muscle fascicles contract at higher
velocity with increased incline, which would requiring more activation to produce the same
force according to the F-V relationship, or that this could be caused by variation in force

sharing between the muscles of the triceps surae.

Muscle activation

Contrary to our hypothesis, the iIEMG for GL and SO did not significantly increase from
DIArerto DIAfst. This could be because the relative contribution of the tendon increased
when speed was higher, which is the case in running (Cavagna, 2009; A. Lai et al., 2014;
Monte et al., 2020), or it could be that the decrease in kick time affected the iEMG, which is
also time dependent. Between DIAer and DIAseep there was a significant increase in iEMG,
which was in line with our hypothesis. The increase of iIEMG in DIAseep 1s likely due to the
increased demand for net mechanical work with skiing on an increased incline, and indicates
that an greater CSA of the muscle is recruited to meet this demand (Roberts & Belliveau,
2005). Furthermore, since iEMG is the time integral of the EMG curve, the slightly longer

kick phase may also contribute to the increased iIEMG in DIAgteep.

Even though iEMG was similar between DIA.f and DIAfst, Peak EMG increased
significantly in both GL and SO. With an increase of 23.1% in GL and 10.7% in SO. Peak
EMG increased in DIAsteep also, with a 23.8% increase in GL and 15.4% in SO.

Limitations

Although the advancements have been significant in recent decades, there are still methodical
limitations when studying muscle-tendon dynamics in vivo using US imaging. Perhaps the
most significant methodical issue regarding US imaging of the muscles, is that it relies
primarily on a conceptual model that assumes the muscle fascicles to act in a 2D plane. This
assumption that muscle fascicles act in the same 2D plane as the ultrasound imaging during
the stance phase, gloss over the complex 3D changes of the muscle during contractions (Lai
et al., 2015; Roberts et al., 2019).

The US probes were secured to the body using a custom-made bracket and elastic bands.
Although this set up was quite efficient at keeping the probe in place, some movements of the

probe are expected. The elastic bands may compress the muscle. Thus, it might affect the 3D
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changes in the muscle, i.e., how the muscle bulges. Thus, affecting the lateral forces in the

muscle.

In this study we used a conceptional model from Fukunaga et al. (2001) that assumes tendon
and EE work in series along the length of the muscle. However, fibers within the tendons can
twist and curve and may therefore not strain from point to point. We might also have
contributions from elastic tissue that act in a different direction than the muscle fascicles
when stretched, such as aponeurosis and the perimysium of the muscles (Lai et al., 2015;

Lichtwark et al., 2007).

Reflective markers on the foot (RHEEL, RTOE 1, 2, 5) and in most cases the ankle (RLM,
RMM) (some skiers had low cut ski boots with visible malleolus) was placed on the outside
of the shoe. Therefore, the reflective marker is not fixed to the anatomical landmark and the
foot may move inside the shoe, so that the anatomical landmarks doesn’t align with its
respective markers, since these markers is used to estimate the ankle angle, this can affect the

calculation of MTU length.

Force measurements were done using two FSRs that had a specified load range 0-445N,
which is lower than the expected forces, therefore, we believed the force data to suffer from
lack of linearity when force exceeded the specified load range. Even though our force data
seemed sensible, it was only used to locate the start of the glide phase. The force
measurements were useful in helping to understand how the different phases related to the

skiing technique.

Skiing on roller skies and skiing on snow have some differences which should be considered.
During diagonal stride on snow the skier needs to push down the ski camber so that the wax
can grip the snow. On the contrary, with the ratchet wheel mechanism in roller skies you have
almost unlimited grip on the surface, thus different muscle-tendon behavior is possible.
Despite the challenges we believe that roller skiing is a good substitute for skiing on snow. In
a review by Zoppirolli et al., (2020), they found that at least half of the studies on XC-skiing

were conducted on a treadmill.
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Conclusion

This study showed that during the kick phase of DIA XC-skiing the GM muscle fascicle
shortens continuously whereas the MTU lengthens in the first part of the kick phase allowing
for storage of elastic energy, which is released later in the kick phase when the MTU shortens
rapidly. Thus, fascicle behavior is decoupled from that of the whole MTU. This may allow
the fascicle to operate at lower shortening velocities and at a more favorable fascicle lengths
to produce high force economically. Based on the data we could not conclude whether there

is storage of elastic energy being initiated in the glide phase.

Peak MTU length increased with both increased speed and incline. The length changes of the
MTU were highest in DIAfs indicating that more elastic energy was stored with increased
speed. Fascicle shortening velocity did not increase with higher speeds, however, at increased
incline the fascicle shortening velocity decreased, indicating that fascicles work at a more
favorable part of the F-L-V relationship. iIEMG increased in DIAsep indicating that more

muscle activations were necessary to accommodate the increased power demand.
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