Linköping Studies in Science and Technology.
Dissertations. No. 1437

Musculoskeletal Biomechanics in
Cross-country Skiing

L. Joakim Holmberg

Division of Mechanics
Department of Management and Engineering
The Institute of Technology
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c 2012 L. Joakim Holmberg
This document was prepared with LATEX, March 30, 2012
No part of this publication may be reproduced, stored in a retrieval system, or be
transmitted, in any form or by any means, electronic, mechanical, photocopying,
recording, or otherwise, without prior permission of the author.

Till minne av min mor . . .

iii

"You’re supposed to be working!"
Susan Fallon
"I’m a detective. Detectives think, mainly. Today I choose to do my thinking lying down."
Inspector Morse.

"A physicist is looking for the truth. An engineer just want to build something."
Sten Graff Larsen.
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Abstract
Why copy the best athletes? When you finally learn their technique, they may
have already moved on. Using muscluloskeletal biomechanics you might be able to
add the ”know-why” so that you can lead, instead of being left in the swells.
This dissertation presents the theoretical framework of musculoskeletal modeling
using inverse dynamics with static optimization. It explores some of the possibilities and limitations of musculoskeletal biomechanics in cross-country skiing, especially double-poling. The basic path of the implementation is shown and discussed,
e.g. the issue of muscle model choice. From that discussion it is concluded that
muscle contraction dynamics is needed to estimate individual muscle function in
double-poling. Several computer simulation models, using The Anybody Modeling
SystemTM , have been created to study different cross-country skiing applications.
One of the applied studies showed that the musculoskeletal system is not a collection of discrete uncoupled parts because kinematic differences in the lower leg
region caused kinetic differences in the other end of the body. An implication of
the results is that the kinematics and kinetics of the whole body probably are important when studying skill and performance in sports. Another one of the applied
studies showed how leg utilisation may affect skiing efficiency and performance in
double-poling ergometry. Skiing efficiency was defined as skiing work divided by
metabolic muscle work, performance was defined as forward impulse. A higher
utilization of the lower-body increased the performance, but decreased the skiing
efficiency. The results display the potential of musculoskeletal biomechanics for
skiing efficiency estimations. The subject of muscle decomposition is also studied.
It is shown both analytically and with numerical simulations that muscle force
estimates may be affected by muscle decomposition depending on the muscle recruitment criteria. Moreover, it is shown that proper choices of force normalization
factors may overcome this issue. Such factors are presented for two types of muscle
recruitment criteria.
To sum up, there are still much to do regarding both the theoretical aspects as well
as the practical implementations before predictions on one individual skier can be
made with any certainty. But hopefully, this disseration somewhat furthers the
fundamental mechanistic understanding of cross-country skiing, and shows that
musculoskeletal biomechanics will be a useful complement to existing experimental
methods in sports biomechanics.
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Sammanfattning
Varför ska man kopiera de som är bäst inom sin idrottsgren? När man väl har lärt
sig deras teknik så har de antagligen redan gått vidare. Vore det inte bättre att
öka sin förståelse så att man kan ligga i framkant, istället för i svallvågorna? Med
biomekaniska simuleringar som ett komplement till traditionella experimentella
metoder finns möjligheten att få veta varför prestationen ökar, inte bara hur man
ska göra för att öka sin prestation.
Längdskidåkning innehåller snabba och kraftfulla helkroppsrörelser och därför behövs en beräkningsmetod som kan hantera helkroppsmodeller med många muskler. Avhandlingen presenterar flera muskeloskelettära simuleringsmodeller skapade
i The AnyBody Modeling SystemTM och är baserade på inversdynamik och statisk
optimering. Denna metod tillåter helkroppsmodeller med hundratals muskler och
stelkroppssegment av de flesta kroppsdelarna.
Avhandlingen visar att biomekaniska simuleringar kan användas som komplement
till mer traditionella experimentella metoder vid biomekaniska studier av längdskidåkning. Exempelvis går det att förutsäga muskelaktiviteten för en viss rörelse och
belastning på kroppen. Detta nyttjas för att studera verkningsgrad och prestation
inom dubbelstakning. Utifrån experiment skapas olika simuleringsmodeller. Dessa
modeller beskriver olika varianter (eller stilar) av dubbelstakning, alltifrån klassisk
stil med relativt raka ben och kraftig fällning av överkroppen till en mer modern stil
där åkaren går upp på tå och använder sig av en kraftig knäböj. Resultaten visar
först och främst att ur verkningsgradsynpunkt är den klassiska stilen att föredra
då den ger mest framåtdrivande arbete per utfört kroppsarbete, dvs den är energisnål. Men ska en längdlöpare komma så fort fram som möjligt (utan att bry sig
om energiåtgång) verkar det som en mer modern stil är att föredra. Denna studie
visar också att för att kunna jämföra kroppens energiåtgång för skelettmusklernas arbete mellan olika rörelser så krävs det en modell där muskler ingår. Andra
studier som presenteras är hur muskelantagonister kan hittas, hur lastfördelningen
mellan muskler eller muskelgrupper förändras när rörelsen förändras samt effekter
av benproteser på energiåtgång.
Några aspekter av metoden presenteras också. Två muskelmodeller och dess inverkan på olika simuleringsresultat visas. En annan aspekt är hur muskeldekomposition och muskelrekryteringskriterium påverkar beräkningarna. Normaliseringsfaktorer för olika muskelrekryteringskriterium presenteras.
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Part I
Background, theory and some results

Introduction

1

Computer simulations have been a valuable tool in engineering for decades. So,
why not use computer simulations to characterize and predict high performance in
sporting events? Well, a complication is that in most (if not all) sporting events
there is human movement involved; and compared to most engineering materials
and structures the human body is more complicated to model. It is not straightforward to model the musculoskeletal system and its interaction with sporting
equipment. Even so, the aim of this dissertation is to explore some of the possibilities and limitations of musculoskeletal biomechanics in cross-country skiing. To
achieve this, several computer simulation models have been created to study different cross-country skiing applications. In this process, two modeling issues were
also found and studied: one rather specific to sports and one very general.
The sport of cross-country skiing is interesting because it is a complex full-body
movement and the skiers are very well trained athletes (Saltin and Åstrand, 1967).1
Also, the skier interacts with both equipment (boots, skis and poles) and the physical surroundings (snow, wind and track inclination). Most competition situations
are possible to specify and imitate to a high degree for measurements of kinematics
and kinetics. A few of the interactions may be hard to model, e.g. snow and wind,
and it is probably hard to improve the physical fitness of the skier. However, a
physically well trained athlete should be able to adapt to technique and equipment
changes, i.e. possible outcomes of biomechanical studies.
Musculoskeletal modeling has not been used much to study sports biomechancis.
When it comes to cross-country skiing biomechanics, there are only a few studies utilizing musculskeletal models. Most biomechanical studies of cross-country
skiing to date have been based on traditional testing alone. The biomechanics of
cross-country skiing is therefore still rather unexplored and there seems to be no
deeper understanding of why some skiers are faster than others. One recent study
with an innovative experimental setup is by Stauffer et al. (2012) that measures
skiing kinematics and external kinetics outdoors on the ski track. There are also
a few experimental studies with kinematics and external kinetics that include internal kinetics by measuring muscular activity using electromyography (see e.g.
Holmberg et al., 2005; Stöggl et al., 2008; Lindinger et al., 2009). They all cer1

This reference is rather old, but there is no reason to believe otherwise than that cross-country
skiers still are among the best trained athletes.
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tainly add to the understanding but lack the possibility to make predictions. First,
electromyography has its limitations; it is hard to measure muscles that are not
superficial. Consequently, it is hard to know in detail which muscles that contribute to e.g. propulsion. With musculoskeletal biomechanics there are no such
limitations (admittedly, there are others). It is not harder to achieve results for
deep lying muscles than for superficial muscles. Second, with a model it is possible
to ask and answer ”what if”-questions and to perform optimization studies, i.e. to
make predictions. Here it may be important to point out that without the aid of
experimental methods, it would be hard to create any meaningful models because
some model input rely heavily on experimental output.
In 1998, Professor Herbert Hatze gave a lecture in which he proposed that research
in sports biomechanics should not be experimental only (Gros, 2003):
Considering the current state of the art it would appear that contemporary biomechanics of sports is still too preoccupied with measurement,
data collection, and the subsequent phenomenological description of
an observed event instead of asking the (much more difficult) question
concerning the causes and fundamental mechanisms underlying the observed phenomenon. The mere measurement and description of the
ground reaction forces during the release phase of the javelin throw,
for instance, without relating their significance to the musculoskeletal
factors that determine the throwing distance, is meaningless and constitutes a futile exercise. As a future trend in sport biomechanics, the
utilization of models for performance optimization may be expected to
gain increasing importance.
At the time of writing this dissertation, more than a decade later, I dare to say
that modeling and simulation of sporting events are still rare. A more recent quote
regarding running mechanics that may confirm this is (Buckley et al., 2010):
One major concern is using statistically correlated kinetic and kinematic trends (. . . ) as a surrogate for a fundamental mechanistic understanding of speed limitations.2
I hope that this disseration furthers the fundamental mechanistic understanding of
cross-country skiing, especially double-poling, and just maybe gives some hints on
modeling issues to sports biomechanics in general.

2

4

The . . . replaced two citations in the original quote.

A note on cross-country skiing

2

According to rock carvings (figures 1 and 2), old literature (figure 3) and other
remnants found (Berg, 1950; Dresbeck, 1967; Kulberg, 2007), skis have been used
as a means of transportation in Scandinavia for thousands of years.1 However, until
the arrival of skating in the mid eighties, there had not been much development in
cross-country skiing since 1922. The diagonal stride technique was dominating and
occasionally complemented with the kick double-pole technique and the doublepole technique. When skating arrived on the cross-country scene it changed the
sport dramatically because it was possible to ski much faster with the new technique. Since all competitors used skating there was a concern that classical skiing
would become obsolete. Thus, it was ruled that half of all World Cup cross-country
ski races would be ”classical” and the other half would be ”freestyle” in which skating is dominating (Hoffman and Clifford, 1992). The name skating originates from
the resemblance to ice skating regarding the leg movement pattern. Admittedly,
there had been some equipment improvements, e.g. the plastic ski, before the introduction of skating (e.g. see Kuzmin, 2006) but after the pace increased. The last
decades have seen not only new ski and pole materials, longer poles and different
skating techniques, but also changes in the classic discipline. Improved skis along
with better prepared tracks may be one reason to use the double-pole technique
more frequently (Holmberg et al., 2005). According to Hoffman and Clifford (1992),
the longer poles developed for skating is another reason for the more frequent use of
double-poling. Hoffman and Clifford propose that the longer poles have improved
the relative economy of this technique by enhancing the use of gravitation and the
upper body musculature. Moreover, Hoffman and Clifford also suggest that the
mechanics of double-poling allow for better storage and utilization of elastic energy
1
According to a popular anecdote, the most important ski race and probably also the first
took place on New Year’s Eve in 1520. The young Swedish rebel Gustav Vasa (or rather, Gustav
Eriksson, a noble) had been imprisoned by the Danes but managed to escape, and while chased
by the Danes, Vasa traveled north through Sweden looking for support to throw the Danes out
of Sweden. When he came to the Swedish province of Dalarna he tried to convince the people
to support him in a war against Denmark, but before he received a response the Danish chasers
were getting too close. Vasa took his skis and headed for Norway. Nevertheless, the people in
Dalarna decided to help him and two men raced after him. Vasa had traveled 89 kilometers and
was very close to the Norwegian border before he was caught up. Since 1922 there is an annual
race called Vasaloppet with about 15,000 participants covering the same ground and distance.
And yes, Vasa and the people in Dalarna drove the Danes out of Sweden. Later on, Vasa was
appointed King of Sweden.
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Figure 1: Rødøy rock carving.
in the muscle-tendon complex, particularly when longer poles are used.
As mentioned in chapter 1, cross-country skiing is a complex, full-body motion with
interaction between equipment (skis and poles) and snow. The motion is relatively
fast compared to, for instance, gait, which is commonly simulated (e.g. Anderson
and Pandy, 2001; Thelen and Anderson, 2006). Because the whole body is contributing in all cross-country sub-techniques, e.g. double-poling (Holmberg et al.,
2006; Rasmussen et al., 2012; Holmberg et al., 2012b), a cross-country simulation
for gross movements should use a full-body model. Double-poling is an important
sub-technique in cross-country skiing (e.g. Smith et al., 1996), and may also be the
best one to begin with for cross-country skiing simulations, because the doublepoling motion takes place mainly in the sagittal plane. Moreover, the movement
is symmetric ”with respect to” the sagittal plane. Thus, it is basically 2D, and
therefore enables both easier capturing of the motion and easier implementation,
see chapter 4. Double-poling is the chosen technique for most of the studies in this
dissertation.

6

Figure 2: Bølamannen rock carving. Might be an early double-poler?

Figure 3: Sami woman on skis, adapted from Magnus (1555).
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Musculoskeletal biomechanics

3

3.1 The musculoskeletal system
There are of course many different ways of modeling the mechanical system of the
human body. The bones are normally modeled as rigid bodies, hereafter called
segments. These segments consist of inertial properties including the bone, muscles, skin and fat that are situated between the joints. The joints connecting the
segments are modeled frictionless where adjacent segments share a common point
or a common line. The muscles span from one segment to another, passing one or
several joints. The muscles can be seen as simple force actuators that can produce
any force between zero and a maximum force at any time, or they can be more
advanced, e.g. such that the muscle model include a theory of muscle dynamics.
This theory can be interpreted as the dynamics from when the muscles have received a nervous signal until the force is transferred to the segments. Usually the
muscle dynamics include two parts, activation and contraction dynamics (see e.g.
Buchanan et al., 2004). The mechanical model of the system consists of a set of
differential equations, i.e. the equations of motion for the connected segments (see
sections 3.2 and 3.3) and its actuators (see sections 3.4 and 3.5).

3.2 Multibody dynamics – equations of motion
The dynamics of a spatial multibody system can be described in several ways. The
approach shown here, roughly following the textbook by Nikravesh (1988), is to
use a full set of absolute coordinates for each rigid body segment in the system and
then applying the Newton–Euler equations of motion.
The spatial position for a segment i relative to an inertial reference frame is rep
T
resented by q i = r Ti , pTi
where r i = [xi , yi , zi ]T and pi = [e0i , e1i , e2i , e3i ]T are
the translational and rotational coordinate vectors, respectively. The four Euler
parameters of pi describes three rotational dimensions and are related through
pTi pi = 1, resulting in 6 degrees of freedom for each segment. A common problem with angular orientation of segments in spatial systems is that more than one
combination of rotations can yield the same result. This is the case for any set
of Cardan angles (three rotational coordinates), like the Bryant sequence or the
9
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traditional Euler sequence. By using Euler parameters this is avoided. On the
other hand, and as Nikravesh (1988) shows, Euler parameters yield an unnecessary
number of equations when their time derivatives are used explicitly in the equations

T
,
of motion. The velocity of segment i is therefore represented by v i = ṙ Ti , ω 0T
i
where ω 0i is the angular velocity of segment i and the apostrophe indicates that
the angular velocity refers to a segment-fixed local coordinate system. Define the
matrix


−e1i e0i e3i −e2i
Li = −e2i −e3i e0i e1i 
−e3i e2i e1i e0i
so that Li LTi = I, where I is a 3 × 3 identity matrix. Now ṗi can be expressed in
terms of ω 0i as
1
ṗi = LTi ω 0i .
2

(1)


T
The acceleration of segment i is v̇ i = r̈ Ti , ω̇ 0T
. Expressing p̈i in terms of ω̇ 0i is
i
possible as
1 0T 0 
1
ω ω p .
p̈i = LTi ω̇ 0i −
2
4 i i i

(2)

Kinematic constraints describe the effect of joints in a multibody system, and in the
case of inverse dynamics, also the driving constraints that specifies the prescribed
motion. The transient version of the kinematic constraint equations is

Φ = Φ (q, t) = 0 .

(3)

Its time derivative is

Φq q̇ + Φt = 0

(4)

Φq q̈ + (Φq q̇)q q̇ + 2Φqt q̇ + Φtt = 0 .

(5)

and

10
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In equations (4) and (5), q̇ are vectors of velocities and q̈ are vectors of accelerations for the segments in the system; the matrix Φq is the constraint Jacobian that
contains partial derivatives of the constraint equations with respect to the spatial positions. For practical reasons, part of the acceleration constraint equations
(5) is represented as (and sometimes called the ”right hand side of the kinematic
acceleration equations”)

γ = − (Φq q̇)q q̇ − 2Φqt q̇ − Φtt .
To express the constraint equations in terms of v and v̇, equations (1) and (2)
are used as shown below. To facilitate compact writing we also define L =
diag [L1 , L2 , . . . , Lb ] for i = 1, 2, . . . , b, where b is the number of segments in the
system. Partitioning the constraint Jacobian makes it possible to write each constraint equation (row) in the velocity constraint equations (4) as

[Φr , Φp ]

 
ṙ
= −Φt
ṗ

and then modify it using (1), which leads to
 

1
ṙ
T
Φr , Φp L
0 = −Φt .
ω
2
Subscript ”r” and ”p” denotes partial derivatives with respect to translational and
rotational spatial positions, respectively. Now the velocity constraint equations
can be written as

Φq∗ v = −Φt .

(6)

In the acceleration constraint equations (5), each constraint equation can be written
as

[Φr , Φp ]



r̈
p̈




   
 
ṙ
ṙ
ṙ
= − [Φr , Φp ]
− 2 [Φr , Φp ]t
− Φtt
ṗ q ṗ
ṗ

and then modified using (2), which leads to
11
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1
Φr , Φp LT
2



r̈
ω̇ 0





   

1
ṙ
ṙ
T
= − Φr , Φp L
+
ω 0 q 12 LT ω 0
2
  

1 0T 0 
1
ṙ
ω ω Φp p .
− 2 Φr , Φp L T
0 − Φtt −
ω
2
4
t

Now the acceleration constraint equations can be written as

Φq∗ v̇ = γ # .

(7)

In equations (6) and (7), Φq∗ is the modified constraint Jacobian and γ # is the
modified right side of the kinematic acceleration equations. That is, expressed in
terms of v and v̇ using ω 0 and ω̇ 0 instead of q̇ and q̈ using ṗ and p̈. The kinematics
is now fully described.
The Newton–Euler equations of motion for an unconstrained segment i are


Ni 0
0 J 0i

  
 
fi
r̈ i
0
=
+
n0i
ω̇ 0i
ω 0i × (J 0i ω 0i )



(8)

where N i is the mass matrix and J 0i is the inertia tensor for segment i; f i is
the sum of all forces and n0i is the sum of all moments acting on segment i. For
convenience, the equations of motion (8) can be written in a more compact form
as

M i v̇ i + bi = g i ,

(9)

where M i is the segment (total) inertia matrix; v̇ i is the segment acceleration
vector; bi contains fictitious forces such as Coriolis; g i is the segment force vector.
If (9) is repeated for i = 1, 2, . . . , b, we get

M 1 v̇ 1 + b1 = g 1
M 2 v̇ 2 + b2 = g 2
..
.
M b v̇ b + bb = g b
and using M = diag [M 1 , M 2 , . . . , M b ] we write this as
12
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M v̇ + b = g

(10)

which is the equations of motion for an unconstrained system of segments.
For a constrained system each kinematic joint introduces reaction forces between
connecting segments. These forces are called constraint forces, g c , and can be
expressed in terms of the modified constraint Jacobian and a vector of Lagrange
multipliers as

g c = ΦTq∗ λ .

(11)

Adding the constraint forces, (11), to the right hand side of (10) yield the equations
of motion for a spatial system of constrained segments

M v̇ + b = g + ΦTq∗ λ .

(12)

3.3 The inverse problem
Depending on the research question and the situation, different solution methods
(see e.g. Buchanan et al., 2004; Erdemir et al., 2007; Lund Ohlsson, 2009) can
be used for the equation system (12). A common method is to use some type of
inverse problem formulation. An inverse problem consists of finding the action from
a known wanted reaction. This method is popular in biomechanics partly because
the reactions of the system, motion and external forces, are more easily measured
than the actions, muscle excitation or forces. The actions, especially muscle forces,
are hard to find in any other way than simulations.
In inverse dynamics, it is necessary to partition the force vector, g = g k + g u , so
that g k contains the known forces, such as gravity, and g u contains the unknown
forces of the actuators. Also, rearranging the terms from (12) the equations of
motion can be written as

ΦTq∗ λ + g u = M v̇ + b − g k ,

(13)

such that only the left hand side of (13) contains unknowns.
To facilitate the representation of each individual muscle in the equations of motion,
(13) is reformulated as
13
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Cf = d ,

(14)

where d is simply the right hand side of (13). f is the force vector consisting of
muscle tendon forces, f t , and constraint (reaction) forces, λ. C is a coefficient
matrix for the unknown muscle
tendon

 and constraint forces in f and can be partitioned according to C = C t , ΦTq∗ (Damsgaard et al., 2001, 2006). The matrix
C t is a geometry- and kinematics-dependant coefficient matrix for the unknown
muscle tendon forces in f t , and by using the principle of virtual work, C t can be
expressed as

Ct =



∂Lmt
∂Lmt
∂Lmt
2
n
1
,
,...,
∗
∗
∂q
∂q
∂q ∗



(15)

where n is the number of muscles, Lmt is the length of each muscle-tendon unit
∗
and ∂Lmt
i /∂q is the gradient of each muscle-tendon unit length with respect to
each degree of freedom. This gradient can be interpreted as a measure of the
contribution from each individual muscle to each segment in the system.
The constraint forces in equation (11) depend on the tendon forces. Therefore,
equation (14) can be reduced and the Newton–Euler equations of motion for a
musculoskeletal system may then be written as

C ? f t = d? ,

(16)

where C ? is the Schur complement of C and the right hand side of equation (14)
is reduced to d? accordingly (Cottle, 1974). Assuming that geometry, inertia and
kinematics of the system are known, only the tendon forces, f t , are unknown. In
the following, f t is a generic component of the vector f t . The same holds for all
scalar variables. We will solve equation (16) for two different muscle models.

3.4 Solving with muscle contraction dynamics
Contraction dynamics is a dynamical process from the active state of the muscle
to force-generation. A common phenomenological muscle model is the 3-element
Hill-model (Zajac, 1989)1 . The 3 elements are the tendon, the contractile element
and a parallel elastic element. While the tendon and the parallel elastic element are
simple elastic (linear or non-linear) elements, the contractile element is described by
1

14
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Figure 4: A graphical representation of the Hill-type muscle model and its forcelength-velocity relationships.
force-length-velocity relationships. Using Hill-type muscle contraction dynamics, a
tendon force f t depends on e.g. current length and velocity of the different parts
of the corresponding muscle-tendon unit. The contraction dynamics equation is


 
f t lt (q(t), lce (t)) − f pe (lce (t)) + a(t)f l (lce (t)) f v l˙ce (t) cos θ = 0 , (17)

where t is time; lt and lce are the normalized tendon and muscle (contractile element) lengths, respectively; q is segment positions; a is muscle activation; l˙ce is
the velocity of change in muscle (contractile element) length; θ is the pennation
angle; f pe is the force in the parallel element; f l and f v are the force-length and
force-velocity relations, respectively. Note that all forces are normalized and that
af l f v = f ce , where f ce is the force in the contractile element. See figure 4 for general descriptions of the Hill-type muscle model and force-length-velocity relations.
All muscle-tendon units have specified origin and insertion points on the rigid body
segments of the system. Hence, the length of a muscle-tendon unit, Lmt , is given
15
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by the kinematics, i.e. q. Tendon and contractile element lengths are related to
each other by

Lmt = Lt + Lce cos θ .

(18)

Lt and Lce are normalized by

lt =

Lt − Lsl
,
Lsl

(19)

and

lce =

Lce
,
Lopt

(20)

where Lsl is tendon slack length and Lopt is optimal muscle fiber length of the contractile element, i.e. where the overlap of actin and myosin is such that maximum
contractile force can be produced. Lsl and Lopt are known, usually estimated from
cadaver studies.
Assuming a linear dependence between muscle activation and tendon force yields

f t = f t0 + H · a ,

(21)

where H is the tendon force gradient (slope), defined as

H=

f t1 − f t0
,
a1 − a0

(22)

where superscript “1” means full muscle activation (a = 1, i.e. maximum contraction of the contractile element) and superscript “0” means zero activation.
f t0 is found by setting a = 0 in equation (17) and using equations (18–20), yielding


f t0 lt − f pe lt cos θ = 0 .

(23)

Equation (23) is solved for lt using the relations of figures (4(b) and (c)).
f t1 is found by setting a = 1 in equation (17) and using equations (18–20), yielding
16
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f t1 lt − f pe (lce ) + 1 · f l (lce ) f v l˙ce cos θ = 0 .

(24)

Equation (24) has two unknowns, l˙ce and lce (or lt ) and cannot be solved directly.
Now we differentiate equation (18) with respect to time which leads to

L̇mt = L̇t + L̇ce cos θ − (Lce sin θ) θ̇ .

(25)

To estimate θ̇ it is assumed that Lce sin θ is constant, see figure (4(a)). Differentating this yields

L̇ce sin θ + (Lce cos θ) θ̇ = 0 ,
thus,

θ̇ = −

L̇ce sin θ
.
Lce cos θ

(26)

Equation (25) still contains two unknowns, L̇t and L̇ce . However, since it is considered that L̇t  L̇ce , we assume L̇t = 0. Consequently, using equation (26) in
equation (25) yields

L̇mt = L̇ce cos θ + Lce sin θ

L̇ce sin θ
,
Lce cos θ

multiplying this expression with cos θ and using the Pythagorean identity leads to

L̇mt cos θ = L̇ce ,

(27)

where L̇mt is known from v. Now equations (24) is solved for lce using equations (18), (20), (27) and the relations of figures (4(b), (c) and (d)).
We can now compute the tendon force gradient, H in equation (22). Consequently,
muscle activation, a, becomes the only unknown in equation (21) and thus in the
equations of motion, equation (16). Unfortunately for our computations, the human body has more muscles than (mechanically) necessary to perform most motions. Due to this redundancy of the musculoskeletal system, the force sharing
17
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between the actuators (muscles) is solved by optimization. The force sharing problem using the min/max criterion is formulated as

min β
a,β

 ai ≤ β ,
s.t. 0 ≤ ai ≤ 1 ,
 ? t0
Cij (fi + Hi ai ) = d?j

i ∈ {1, . . . , n}
i ∈ {1, . . . , n}
i ∈ {1, . . . , n} , j ∈ {1, . . . , dof }

(28)
,

where a is a vector comprising the activations of all muscles; β is an artificial
variable; n is the number of muscles; and dof is the number of degrees of freedom
in the model (Rasmussen et al., 2001).
This formulation (28) of the force sharing problem leads to a linear problem that
can be solved efficiently by a standard Simplex algorithm. For an introduction to
optimization theory (including the Simplex method), see e.g. Arora (2004). The
min/max criterion has some inherent problems because it only cares about the
maximal activation of the muscles. Hence, muscles with sub-maximal activation
may be left undetermined. This calls for an iterative scheme where determined
muscles and their force contribution are eliminated from the equations of motion constraint in equation (28) in every iteration until all muscles are determined
(Damsgaard et al., 2001). The min/max criterion is by no means the only possible
choice to solve the force sharing problem, see section (3.6).
The actual muscle force, F m , i.e. the force in the contractile element, F ce , can be
computed by

F m = F ce = F max af l f v = F max f ce ,

(29)

where F max is the muscle force at Lopt and l˙ce = 0, i.e. its maximum isometric
force; a is from the solution of the optimization problem (equation (28)); while f l
and f v are from the relations shown in figures (4(c) and (d)) and the computed lce
and l˙ce . Note that F max is estimated from a muscle’s physiological cross-sectional
area and the maximum stress a muscle can carry.

3.5 Solving using a constant force muscle
A constant force muscle is the simplest possible muscle model. It means that a
muscle always can produce a force that corresponds to its maximum isometric
force (F max ), regardless of the muscle’s current length or contraction velocity; i.e.
in analogy to equation (17), f l ≡ f v ≡ 1. Moreover, there is no passive force in
the muscle model and no pennation angle, i.e. f pe ≡ 0 and θ ≡ 0. Consequently,
18
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f t0 = 0 and f t1 = 1, yielding H = 1 (analog to equation (22)). This means that
the equations of motion constraint in the optimization problem of equation (28)
can be somewhat simplified. The force sharing between muscles, when using a
constant force muscle model, can therefore be formulated as

min β
a,β

 ai ≤ β ,
s.t. 0 ≤ ai ≤ 1 ,
 ?
Cij ai = d?j

i ∈ {1, . . . , n}
i ∈ {1, . . . , n}
i ∈ {1, . . . , n} , j ∈ {1, . . . , dof }

(30)
.

In this case the muscle force F m is then computed by

F m = F max a ,

(31)

or by using equation (29) with f l = f v = 1.

3.6 Redundancy and decomposition of muscles
As mentioned in section (3.4), the human mechanical system is statically indeterminate due to the redundancy of muscles. In reality this excess of muscles
and the force sharing between them is taken care of by the central nervous system. Prilutsky and Zatsiorsky (2002) states that we are able to repeat movements
with great precision and muscle activation patterns are very similar for different
people performing the same movement. Therefore, it is believed that the central
nervous system controls the muscle forces based on some unknown but rational
criterion (Prilutsky and Zatsiorsky, 2002). A number of optimization criteria have
been suggested in literature (Tsirakos et al., 1997). When solving the force sharing problem, the most common recruitment criteria is probably a polynomial one.
Another possibility is a minimum fatigue criterion that enforces minimal activity
of the maximally activated muscles, the so-called min/max criterion (discussed in
sections 3.4 and 3.5). This criterion has recently been shown to perform very well
for human gait (Ackermann and van den Bogert, 2010).
Due to the emergence of large-scale musculoskeletal models, e.g. full-body models
with hundreds of muscles as described in chapter 4, the issue of muscle decomposition has become important. For instance, it is common to model muscles as
line objects, but many muscles (e.g. the deltoids) have wide origin or insertion
points (or both). The normal solution is then to decompose the muscle into several pieces. It can be shown both analytically and numerically that such modeling
practice has unexpected and perhaps unwanted effects (Holmberg and Klarbring,
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2012). In short, two mathematical forms of the cost function (recruitment criteria)
that has been used are, the min/max function

G (f m ) = max



F1m
Fm
Fm
,..., i ,..., n
N1
Ni
Nn



(32)

and the polynomial one

G (f m ) =

n  m p
X
F
i

i=1

Ni

,

(33)

where f m is the muscle force vector, Fim is individual muscle force, Ni is a normalizing factor representing the available strength (maximal force) of each individual
muscle, n is the number of muscles and p is the power of the polynomial. One
of these functions is to be minimized under constraints of (dynamic) force equilibrium. It may be noted that as p goes to infinity, the polynomial function (33)
should approach the min/max one (32).
For the min/max objective any decomposition of the force normalization factor,
that sum to the original value, gives a behavior that is what one would expect from
the physical interpretation of the problem. For the polynomial objective, on the
other hand, the value of the new normalization factors depends on the degree of the
polynomial, and if one makes the natural choice of taking values that sum to the
original value, one cannot expect to obtain forces that sum to the original force.
Holmberg and Klarbring (2012) present force normalization factors to overcome
this issue.
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Implementation of double-poling

4

4.1 A comment on the implementation
As in any modeling, you have to decide what to include in the model and what
to leave out. To explore the possibilities with computer simulation in sports, and
to take one step forward from pure skeletal models, it seemed like a good idea to
try a musculoskeletal model (theory described in chapter 3). Sections 4.2 and 4.3
comprise a short description of the implmentation of a musculoskeletal simulation
model (i.e. body model and boundary conditions) for double-poling. In section 4.4
two modeling choices are discussed.

4.2 Body model
A publicly available 3D full-body model from AnyScript Model Repository version
6.1 served as a base for the implementation.1 The body model consists of segments,
i.e. bones approximated as rigid bodies. These segments are constrained by joints
and actuated by muscles. All major body parts are represented in the body model.
Limb-inertia properties are distributed to the segments while effects from wobbly
masses of soft tissues are neglected. The joints are simplified and most of them are
modelled as either revolute, universal, or spherical joints. The spine has a special
joint setup that facilitates spinal motion. Muscles are geometrically modeled as
linear elements that span from the origin point to the insertion point, sometimes via
other points and surfaces to enable wrapping around joints and other bony objects.
Most muscles are split into several elements because it is common for muscles to
have broad attachments. Depending on the situation and study at hand, different
muscle models were used.
Motion was captured in 2D. Therefore, a 2D human dummy was created and added
to the body model. Moreover, a pair of poles was also added to the body model for
easier implementation of measured pole forces. In total, the biomechanical system
used in the simulations consisted of 464 individual muscle elements and 64 rigid
body segments.
1

The AnyBody Project, Aalborg University, Aalborg, Denmark.
http://www.anyscript.org.

Repository webpage at
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See Holmberg and Lund (2008) for a more detailed description of the body model
implementation.

4.3 Boundary conditions
Experiments were carried out to obtain representative double-poling motions with
corresponding pole forces. A trained, male skier was videotaped using a doublepoling ergometer, specifically designed for double-poling testing. This apparatus is
a modified rowing ergometer on which the skier stands on a podium above the slide
rail. Poles are attached to a metal bar mounted on a slide wagon that connects
to a fixed pulley system by means of a cord. The pulley is connected to a chain
that drives the air friction-braked flywheel by means of a cogwheel. Load cells2
are installed at the pole tips to measure the axial pole force. The load cells are
connected to a measurement system3 for realtime display and the recording of pole
forces.
The forces were measured at 100 Hz during a series of 30 s measurements. Simultaneously, the motion in the sagittal plane was captured at 50 Hz using a digital
video camera.4 The time for a complete poling cycle was determined to about 1.4
s. One representative poling cycle was chosen from a series of consistent cycles.
From this cycle the following were extracted: selected joint angles (ankle, knee,
hip, shoulder, elbow, wrist, and hand-to-pole), spine curvature, and the position
of the pole. All measured data were smoothed with a Bezier interpolation spline.
Measured data were applied to the 2D dummy and the 3D full-body model was
constrained to follow in a parasagittal plane at certain joint centers. In this way,
2D motion was mapped to 3D motion. Moreover, spine curvature and pole inclination were driven. Measured pole force were applied to the pole segments. By
applying motion, gravity and pole forces as boundary conditions to the body model
a simulation model is realized.
See Holmberg and Lund (2008) and Holmberg et al. (2012b) for more detailed
descriptions of different implementations of boundary conditions.

4.4 Effects of modeling choices
4.4.1 Model size – whole body or a part thereof?
Since double-poling traditionally has been considered as an upper-body exercise,
some authors (e.g. Alsobrook and Heil, 2009) have used double-poling ergometry to
2

U9B 1 kN, HBM, Germany
Spider8 and catman Express, version 4; HBM, Germany
4
DCR-TRV50E, Sony Corporation, Japan
3
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train and measure upper-body capacity. However, Holmberg et al. (2006) showed
that lower-body kinematics is of great importance for force generation in treadmill
double-poling. In addition, the implemented simulation model (described in sections 4.2 and 4.3) clearly shows that double-poling ergometetry is a whole-body
exercise (Holmberg and Lund, 2008). Studying this more closely, experiments with
different double-poling styles were carried out (Rasmussen et al., 2012; Holmberg
et al., 2012b). Three different motions were implemented in the double-poling
model (foremost lower-body kinematics differences). Results showed that doublepoling performance does not equal upper-body capacity. As an example: with
mainly lower-leg differences, for the same skier, the forward pole force impulse was
greater when the legs were utlized more; but at the same time, the upper-body
muscle work was lower. From this example it is obvious that when using a doublepoling ergometer to measure upper-body capacity, lower-body kinematics should
be controlled because double-poling is a whole-body exercise. In another sport
that also may seem to be mainly an upper-body exercise, kayaking, Begon et al.
(2010) used a full-body simulation model to show that the lower limbs contribute to
performance. The musculoskeletal system is not a collection of discrete uncoupled
parts. Kinematic differences in the foot region may well cause kinetic differences
at the other end of the body. This should be considered when modeling only part
of a body.

4.4.2 The influence of the muscle model
Two muscle models have been implemented in the simulation model (theory described in sections 3.4 and 3.5). The Hill-type muscle model is implemented with
contraction dynamics, which is one part of muscle dynamics. In reality there is
more to muscle dynamics; e.g. the nervous signal received by the muscle is called
excitation. From this excitation there is a time delay before the muscle reaches
its active state and contraction is enabled. The same holds for relaxation. This
process is called activation dynamics and can be modeled as a first-order linear differential equation. However, using inverse dynamics with static optimization rules
out activation dynamcis. This is, of course, a modeling choice. Moreover, there
are other muscle models, e.g. a few based on the cross-bridge theory that tries to
mimic real muscle architecture (see e.g. Nigg and Herzog, 1999, chapter 2), and not
only a muscle’s gross behaviour. However, the conclusions of van den Bogert et al.
(1998) are probably still valid; i.e. in comparison, the Hill-model yields reasonable
results and is much easier to handle in practice when dealing with large-scale body
models.
There are a few published studies that compare modeling choices to different output (Winters and Stark, 1987; van Soest and Bobbert, 1993; Winters, 1995; Siebert
et al., 2008). Neptune et al. (2009) discuss the muscle force-length-velocity relationships that may influence and limit sporting performance. However, it is nontrivial to collect and subsequently model the muscle parameters that govern the
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the force-length-velocity relationships for skeletal muscles. The Hill-parameters
that influence the force-length-velocity relationships the most are maximum isometric muscle force, optimal muscle fiber length and tendon slack length (Scovil
and Ronsky, 2006). Another complication is that most of these paramters may be
specific to one individual. There are some comprehensive scaling methods available
(Winby et al., 2009; Pannetier et al., 2011), albeit time-consuming and not used
here.
According to e.g. Komi and Norman (1987) competitive cross-country skiing includes fast and powerful dynamic movements. Anderson and Pandy (2001) concludes that static and dynamic optimization solutions for gait are pratically equivalent, even with a constant force muscle model (see e.g. section 3.5). On the other
hand, Modenese and Phillips (2012) show that as the walking pace increases, hip
contact force predictions decrease in accuracy when using a constant force muscle
model.
Comparing the Hill-type muscle model and the constant force muscle model reveals
that muscle contraction dynamics is necessary for estimating individual muscle
function in double-poling (see paper V).
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5
Results from some applied case studies
5.1 A brief introduction to the cases
In the following sections (5.2, 5.3, 5.4 and 5.6), the simulation models have been
implemented as described in chapter 4 (or very similarly). The simulation model in
section 5.5 is based on the same method, but the implementation was carried out
somewhat differently (see Lund and Holmberg, 2007, for a closer inspection). All
the case studes are very applied and none develop the method of musculoskeletal
modeling any further. But the cases do show some examples of the kind of practical
results that can be found with the method. This may be of help when evaluating
the usefulness of musculoskeletal modeling for sport scientists as well as for the
sporting community at large.

5.2 Efficiency vs performance
Axel Teichmann won the 15 km Classic race in the cross-country skiing World
Championships in Val di Fiemme 2003.1 We found it intriguing how Teichmann
utilized his legs when double-poling. Contrarily to many of the competitors his
style could be characterised as very dynamic; Teichmann seemed to use a much
larger range of motion of his leg joints, and he got up on his toes just prior to pole
plant. In similar style, Björn Lind won gold medals in the individual sprint and
the team sprint at the 2006 Winter Olympics.2 Contemporary elite skiers utilize
their legs a lot more than two decades ago. It seems like this enhances performace,
but is it good for the efficiency?
By simply considering the change in potential energy, Svensson (1994) suggested
that the energetic cost of raising the body’s center-of-mass during double-poling can
be significant and affects the efficiency. This can be partly confirmed by studying the results for a musculoskeletal analysis of walking (Neptune et al., 2004).
However, as Neptune et al. (2004) argue and Sasaki et al. (2009) show, potential
energy calculations based on center-of-mass trajectories do not yield a good esti1
2

Full results at http://www.fis-ski.com.
Ibid.
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Figure 5: Visual overview of simulation kinematics and muscle activity. Rows: 1)
Straight leg 2) Heel lift 3) Knee bend. Columns: 1) End of return-phase (∼ 1.2 s)
2) Beginning of poling-phase (∼ 0.1 s) 3) Max pole force (∼ 0.3 s) 4) End of
poling-phase (∼ 0.6 s).
mate of muscle work. An estimation of mechanical work done by the muscles and
subsequent energy consumption needs a musculoskeletal model.
Hence, the aim of this study (Holmberg et al., 2012b) was to study how different tactics in leg utilization during double-poling may affect skiing efficiency and
performance. Would efficiency change with more dynamical leg utilization (e.g.
larger range of motion for the knee joint) and would performance change along
with efficiency?
Three experiments were carried out in which three different leg utilization tactics
were used, i.e. three different styles of double-poling. Based on the kinematic differences, the three styles were dubbed ”straight leg”, ”heel lift” and ”knee bend”.3
Three full-body musculoskeletal simulation models were implemented, each one
with unique kinematics and kinetics. However, they all had the same body anthropometrics and performed the same task. See figure 5 for a visualization of the
three styles. In chapter 4 and in Holmberg and Lund (2008) there are more details
on experimental and simulation procedures presented.
3

In the paper Holmberg et al. (2012b), ”straight leg” was called TRAD, ”heel lift” was called
MOD2 and ”knee bend” was called MOD1, respectively.
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Metabolic muscle work was estimated based on simulation output. Muscle power
was computed for each muscle by multiplication of muscle force and muscle contraction speed. The muscle power was transformed to metabolic muscle power
by adjusting for muscle shortening or muscle lengthening. Total metabolic muscle work was computed by the summation of the temporal integration of each
metabolic muscle power. This can also be done separately for the lower-body and
the upper-body. The lower-body was defined as consisting of all muscles in the
model that had at least one attachment point distal of the hip joint. Useful skiing work output was defined as temporal integration of horizontal pole force times
horizontal pole tip speed. The integration limits were start of poling-phase (pole
plant) and end of poling-phase (when the pole tips switch from moving backward
to forward). Skiing efficiency was computed as the ratio between skiing work and
metabolic muscle work. Skiing performance was defined as the horizontal impulse
generated by the two poles.
Results showed that the most efficient style was ”straight leg” while ”heel lift”
yielded the highest performance. The relation of metabolic muscle work between
the lower-body and the upper-body was very different for ”heel lift” compared with
”knee bend” and ”straight leg”. The lower-body did much more of the work in the
”heel lift” style while the upper-body did most of the total work for ”straight leg”
and ”knee bend”.
In conclusion, skiing efficiency and skiing performance do not necessarily go hand
in hand. In this study, double-poling with a classical straight-legged style had the
highest efficiency while a more dynamic ”getting up on your toes” double-poling
with a large range of motion of the knee joint had the highest performance. The
poling style should probably not be the same during a long race as when sprinting
to the finish. Even in the cross-country skiing sprint event that contrary to the
name is somewhat of an endurance sport, poling style should be chosen with care
because of the efficiency differences. Being able to change styles during a race
seems to be of utter importance.

5.3 Teres major vs latissimus dorsi during double-poling
In a study by Holmberg et al. (2005), it was found that skiers using a modern
”wide elbow” style had: 1) a smaller minimum elbow angle at pole plant; 2) higher
angular elbow-flexion velocity; and 3) higher peak pole force. Moreover, ”wide
elbow” skiers were faster than ”narrow elbow” (traditional) skiers. According to
electromyography recordings, load distribution between the muscles teres major
and latissimus dorsi was different between the two double-poling patterns. With
greater arm abduction and smaller elbow angle at pole plant (”wide elbow” style),
teres major carried more of the load, in the sense that muscle activity for teres
major increased more than it did for latissimus dorsi.
The aim of this study (Holmberg and Lund, 2007) was to examine if it was possible
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to gain any insight of the load distribution between teres major and latissimus dorsi
in double-poling by using a full-body musculoskeletal simulation model. What
happens when arm abduction and elbow angle changes?
Using the experiments described in Holmberg and Lund (2008), three simulation
models were implmented by changing the kinematic setup. This was done by
varying the distance between the hand and the upper body at pole plant, causing
the arm abduction and elbow angle to be different for each simulation. Thus,
simulating three elbow styles, ranging from ”narrow elbow” to ”wide elbow”. The
body model had a constant force muscle model. Teres major was divided into 6
muscle elements and latissimus dorsi was divided into 5.
The main finding was that up to a certain point, muscle activity for teres major
increases more than it does for latissimus dorsi when the arm abduction is greater
and the elbow angle is smaller at pole plant. This indicates that teres major may
be utilized more by using a ”wide elbow” style. The results agreed reasonably well
with the experimental results in Holmberg et al. (2005).

5.4 The role of triceps in double-poling
In Holmberg et al. (2005) the authors suggested that ”wide elbow” style skiers
utilized the triceps better due to higher preloading of the muscle. The aim of this
study (Holmberg and Holmberg, 2007) was to find out if there is a difference in
triceps force requirements depending on double-poling style.
The simulation models of Holmberg and Lund (2007) were used as a base. Each
simlation model had a different elbow style, see figure 6 for the ”wide elbow” and
the ”narrow elbow” styles, respectively. For each simulation, the three parts of
triceps brachii: caput longum, caput laterale and caput mediale were studied.
Simulation results showed that, for a given pole fore, the ”narrow elbow” style
requires a higher activation of triceps caput laterale and caput mediale than the
”wide elbow” style does. This implies that a skier’s available muscle strength in
triceps caput laterale and caput mediale can be used more efficiently with the
”wide elbow” style. While triceps caput laterale and caput mediale only spans the
elbow, triceps caput longum also function as a shoulder extensor. The difference
in activation levels between styles for triceps caput longum were not that clear.
Overall, these results agreed well with earlier studies.
To conclude, this study showed that there is a difference in triceps force requirements depending on double-poling style. Moreover, it confirmed the suggestion
that it should be possible to utilize the triceps muscles better with a ”wide elbow”
style of double-poling.
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Figure 6: Visualization of ”wide elbow” (left) and ”narrow elbow” (right) skiers
during double-poling. This figure relates to section 5.3 as well as section 5.4.

5.5 Muscular imbalance and finding antagonists
In 4th gear skating, the range of motion for the upper arm is very large. It is
believed that some skiers have a muscular imbalance around the shoulder, i.e. the
chest muscle pectoralis major is strong compared to its antagonists, causing bad
posture. This imbalance hinders the back swing of the arm, probably making the
movement less effective. Training the antagonists to pectoralis major should correct
the muscular imbalance and improve the arm swing. The idea behind this study
(Lund and Holmberg, 2007) was to find the antagonists using a biomechanical simulation. Boundary conditions originated from a measurement in three dimensions
with a motion capture system, but with gravity as the only external force (no pole
force). The body model was a three-dimensional upper body model. All muscles
except pectoralis major had a constant force muscle model. Pectoralis major had
a Hill-type muscle model and by experimenting with the tendon length, increasing passive resistance, the antagonists were found. Simulation results showed that
rhomboideus, infraspinatus, trapezius (scapular parts) and latissimus dorsi (extending parts) are the antagonist muscles to pectoralis major in 4th gear, freestyle
technique, cross-country skiing.

5.6 Classification of athletes with physical impairments
Athletes with physical impairments are classified to ensure competitions with equitable conditions. However, it is difficult to specify or even estimate how much
an impairment impacts sports performance. There is a need for evidence-based
research that can quantify the effect different impairments have on performance.
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Figure 7: Visualization of disabled (left) and able-bodied (right) skiers during
double-poling. Note that more bulging and darker muscles means higher muscular
activity, e.g. compare the thigh muscles on the right leg.
Biomechanical simulations of cross-country skiing (double-poling) were carried out
(Holmberg et al., 2012a). The study utilized two full-body simulation models that
had the same kinematics and external kinetics, i.e. they performed the same task.
The models also had the same anthropometric data except that one carried no
muscles in the right lower leg and foot; thus mimicking a lower leg prosthesis. It
was hypothesised that a lower leg prosthesis affects the muscular work throughout
the whole body.
Metabolic muscle work and skiing efficiency were computed based on simulation
output. For method details, see Holmberg et al. (2012b). Results showed that
without muscles in the lower right leg and foot, the cross-country skiing motion
used more muscle work in total for the same external work. Thus, the efficiency
was lower. According to this simulation, an able-bodied skier only has to produce
about 80% metabolic muscle work compared to a disabled skier (with a right lower
leg prosthesis). Taking a closer look at a certain muscle, e.g. rectus femoris of the
right leg, the able-bodied skier only has to produce 20% compared to the disabled
skier. Simulation kinematics and computed muscle forces for one time step are
visualized in figure 7. By simulating different impairments with musculoskeletal
models, quantitative data on the effect of different impairments could complement
the classification of athletes.
In conclusion, this study used musculoskeletal simulation for the purpose of understanding how impairment may affect performance. The body model have predetermined range-of-motion, strength etc. such that the results are independent of
performance level and interpersonal differences. Moreover, it is important to note
that this method rules out psychological factors; a hard thing to do in experimental
studies. A simulation study, such as this one, should be able to increase understanding of how one specific impairment affects the performance in a specific sport.
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The method shown has a potential to become a complementary tool to existing
methods in classification.

31

Review of appended papers

6

Paper I
A musculoskeletal full-body simulation of cross-country skiing
In this paper a measurement-driven musculosksletal three-dimensional full-body
biomechanical simulation of cross-country skiing is presented. The basic equations,
body model and boundary conditions of the simulation model are described and
simulation results are compared to literature. The body model originates from the
AnyBody Model Respository1 and has a constant force muscle model. Boundary
conditions originates from an experiment. The comparison with literature shows
that when motion and external forces are similar, the muscle force profiles match.
Consequently, the conclusion is that the chosen method yields realistic internal
body loads for this application, which is a skilled but fast full-body movement.

Paper II
Performance optimization by musculoskeletal simulation
This paper uses two examples, from cross country skiing and badminton, to illustrate the idea of using musculoskeletal simulation as a tool to understand and
ultimately optimize sports performance.
The cross-country skiing example showed that the musculoskeletal system is not
a collection of discrete uncoupled parts. Kinematic differences in the lower leg
region caused kinetic differences in the other end of the body. An implication of
the results from this study is that the kinematics and kinetics of the whole body
might be important when studying skill and performance in sports. Moreover, it
was concluded that when using a double-poling ergometer to measure upper-body
capacity, lower-body kinematics should be controlled because double-poling is a
whole body exercise.
1

The Anybody Research Project, Aalborg University, Aalborg, Denmark
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In badminton, kinematic analysis of the backhand stroke reveals that the skilled
players are able to use their wrists as cardan joints, thus enabling transfer of forearm
supination to drive the motion of the racket head. The technical difficulty of this
lies in the fact that it requires a coordination of the wrist flexion/extension and
abduction/adduction at double frequency of the stroke itself.
Both examples provide insight into the performances that cannot be obtained by
other means, and it is advocated that this insight could ultimately lead to better
coaching. The importance of ”know-why” over ”know-how” is stressed, and it is
hypothesized that this may enable athletes to learn difficult techniques faster.

Paper III
Skiing efficiency versus performance in double-poling ergometry
This is a study on how leg utilisation may affect skiing efficiency and performance
in double-poling ergometry. Three experiments were carried out, each with a different style of the double-poling technique: a traditional style with small knee
range-of-motion and fixed heels; a modern style with large knee range-of-motion
and fixed heels; and finally modern style with large knee range-of-motion and free
heels. For each style, motion data was extracted with automatic marker recognition of reflective markers and a full-body musculoskeletal simulation model was
implemented in The AnyBody Modeling System 3.0 (AnyBody Technology A/S,
Aalborg, Denmark). Skiing efficiency (i.e. skiing work divided by metabolic muscle work) and performance (i.e. forward impulse) were computed from simulation
output, e.g. muscle forces, muscle shortening/lengthening velocity and pole forces.
A higher utilization of the lower-body increased the performance, but decreased
the skiing efficiency. These results demonstrate the potential of musculoskeletal
simulations for skiing efficiency estimations.

Paper IV
Muscle decomposition and recruitment criteria influence muscle force
estimates
In muscluoskeletal models, muscles are mostly modeled as line objects. A problem
is that many muscles (e.g. the deltoids) have wide origin or insertion points (or
both). The common solution is then to decompose the muscle into several pieces.
However, it has recently been pointed out that muscle decomposition influences
muscle force estimates in musculoskeletal simulations. In this paper, it is shown
both analytically and with numerical simulations that this influence depends on
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the recruitment criteria. Additionally, it is shown that proper choices of force
normalization factors may overcome the issue. Such factors for the min/max and
the polynomial criteria are presented.

Paper V
A simulation study on the necessity of muscle contraction dynamics
in cross-country skiing
Competitive cross-country skiing is considered to be a fast and powerful dynamic
movement. However, when creating a musculoskeletal model of a skiing movement,
e.g. double-poling, the needed level of complexity is unknown. Hence, in this study,
two types of muscle models are implemented in two different styles of double-poling.
The models are a Hill-type model with contraction dynamics and a constant force
model, respectively. The theoretical framework of the two muscle models and their
respective implementations are given. The main finding is that it is nescessary to
include muscle contraction dynamics for estimating individual muscle function in
double-poling. However, there are differences between double-poling styles and the
need for muscle contraction dynamics is not as obvious for one of the poling styles.
Moreover, it may be bad practice to model different body parts with different
muscle models; the musculoskeletal system is not a collection of discrete uncoupled
body parts and kinetic effects will propagate through the system.
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Results. In Ákos Jobbágy, Ratko Magjarevic, and Ratko Magjarevic, editors, 5th
European Conference of the International Federation for Medical and Biological
Engineering, volume 37 of IFMBE Proceedings, pages 818–821. Springer, 2012.
ISBN 978-3-642-23508-5. doi: 10.1007/978-3-642-23508-5 213.
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