
homework I - first ideas of final project
due 10/07/10, 11:00am, 420-040

Late homework can be dropped off in a box in front of Durand 217. Please mark clearly
with date and time @drop off. We will take off 1/10 of points for each 24 hours late,
every 12pm after due date. This homework will count 10% towards your final grade.

Rebecca Taylor is a fifth year ME PhD student. She will give a guest lecture in class
on Tuesday 09/28/10 about the class project from 2007. You will have the chance to
ask her how to define your project and how to turn your work into something fun and
useful towards the end of this quarter.

problem 1 - understanding

The publication “The phenomenon of twisted growth: humeral torsion in dominant arms
of high performance tennis players” by Rebecca Taylor et al. documents a Mechanics of
Growth class project from 2007. Read the manuscript carefully.

Figure 1. Kinetic chain during tennis serve recorded by high-speed video analysis

Summarize the manuscript in 100-150 words. Focus on why this study is important in
the context of mechanically driven biological growth.

problem 2 - growth equation

Equation (1) in this manuscript, dtρ0 = R0 with R0 = c [[ρ0/ρ∗0 ]
[n−m]ψneo

0 − ψ∗0 ], is the
growth equation. It is essentially the balance of mass, dtρ0 = 0, that you may know
from fluid mechanics, however, it does have an additional source termR0. Explain the
meaning of the mass sourceR0 in the context of growth in about 3 sentences. Address
when, according to this model, the mass will increase or decrease.
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problem 3 - stress in bones

Bone is a porous material. Its stress is a nonlinear function of its density. Equation (3)
is the stress equation which we here will consider in a one-dimensional case.

P = [ ρ0 / ρ∗0 ]n Pneo with Pneo = µ F + [λ ln(F)− µ]/F

3.1 The equation Pneo = µ F + [λ ln(F)− µ]/F is the nonlinear uniaxial stress strain
relation for a solid material. Evaluate this equation, i.e., determine the one-
dimensional Neo-Hooke first Piola Kirchhoff stress Pneo for varying F in the in-
terval F = [ 0.75, 1.5 ]. You can assume that the Lamé constants of bone are
λ = 288.46 N/mm2 and µ = 192.31 N/mm2. Herein, F = dx/dX is the defor-
mation gradient which is F = 1 in the undeformed state, F < 1 in compression,
and F > 1 in tension. Create a Pneo vs F graph, either by hand, or by using MAT-
LAB or any other software package you are familiar with to plot simple graphs.
Interpret your graph in two or three sentences.

3.2 The equation P = [ ρ0 / ρ∗0 ]n Pneo is the stress definition for a porous material such
as bone. Herein, Pneo is solid material Neo-Hooke first Piola Kirchhoff stress from
[3.1], ρ0 is the actual density, and ρ∗0 = 1.79g/cm3 is the solid density. Plot the
ratio P/Pneo, i.e., the factor by which the solid material stress decreases as a func-
tion of the density ρ0 in the interval ρ0 = [ 0.0, 1.79 ]g/cm3. Create a graph with
five P/Pneo vs ρ0 curves for different exponents n = [1, 1.5, 2, 2.5, 3]. A typical
value for hard porous tissue such as bone is n = 2. Interpret your results in two
or three sentenses.

3.3 Think of elderly people losing 30% of their bone mass due to osteoporosis. How
would that effect the load carrying capacity, i.e., stress, of their bones?

problem 4 - design your own project

Now, it’s time to design your own class project. At this point, you don’t have to commit
to a particular project. This is more meant for you to brainstorm and think of some
form of mechanically driven biological growth that you are really excited about. We will
carefully read your ideas and give you feedback and literature hints. Describe

◦ the type of tissue (hard, soft)
◦ the type of growth (density, volume)
◦ the level at which you would like to study growth (cellular, tissue, organ)
◦ the mechanical driving force for growth (strain, stretch, stress, pressure, shear, force)
◦ the type of adaptation (disease specific, treatment specific, training, ...)
◦ the way in which you want to study growth (review, analytical, computational,...)

Write a short summary about what you would like to study, and, if you decide to do
this in a group, with whom you would like to work.
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The phenomenon of twisted growth: humeral torsion in dominant arms of high performance
tennis players

R.E. Taylora, C. Zhenga, R.P. Jacksonb, J.C. Dolla, J.C. Chenb, K.R.S. Holzbaurc, T. Besierd and E. Kuhlab*
aDepartment of Mechanical Engineering, Stanford University, Stanford, CA, USA; bDepartment of Bioengineering, Stanford University,
Stanford, CA, USA; cDepartment of Biomedical Engineering, Wake Forest University School of Medicine, Winston-Salem, NC, USA;

dDepartment of Orthopaedic Surgery, Stanford University, Stanford, CA, USA

(Received 27 November 2007; final version received 2 May 2008 )

This manuscript is driven by the need to understand the fundamental mechanisms that cause twisted bone growth and
shoulder pain in high performance tennis players. Our ultimate goal is to predict bone mass density in the humerus through
computational analysis. The underlying study spans a unique four level complete analysis consisting of a high-speed
video analysis, a musculoskeletal analysis, a finite element based density growth analysis and an X-ray based bone mass
density analysis. For high performance tennis players, critical loads are postulated to occur during the serve. From high-
speed video analyses, the serve phases of maximum external shoulder rotation and ball impact are identified as most critical
loading situations for the humerus. The corresponding posts from the video analysis are reproduced with a musculoskeletal
analysis tool to determine muscle attachment points, muscle force vectors and overall forces of relevant muscle groups.
Collective representative muscle forces of the deltoid, latissimus dorsi, pectoralis major and triceps are then applied as
external loads in a fully 3D finite element analysis. A problem specific nonlinear finite element based density analysis tool is
developed to predict functional adaptation over time. The density profiles in response to the identified critical muscle forces
during serve are qualitatively compared to X-ray based bone mass density analyses.

Keywords: bone mass density changes; functional adaptation; musculoskeletal analysis; finite element analysis; sports
medicine

1. Motivation

On 27 September 2004, Andy Roddick hit the current world

record 155 mph serve in his Davis Cup match against

Belarus, which set him up with three match points against

Vladimir Voltchkov. By that time, at 22 years of age,

Roddick had broken his own speed record for the third time.

In tennis, like in almost all other high performance sports,

there is a tendency that professional athletes tend to reach

their peak performance at a much younger age than they

used to several decades ago. Accordingly, athletes have to

start full-time practice in their early childhood, which

strongly overlaps with the period of skeletal and muscular

development. It is the responsibility of their coaches and

physicians to design efficient training programs targeted at

maximal performance and minimal risk of injury.

Biomechanics can play a crucial role in supporting the

design of these training strategies. Understanding the

body’s response to critical mechanical loads during serve or

groundstroke is essential for success. By predicting the

functional adaptation of bones and muscles, biomechanics

simulation can help to explain and eventually prevent

common forms of injuries caused by chronic overuse.

From a scientific point of view, tennis players as well

as baseball pitchers and handball players are extremely

popular study subjects for functional adaptation and bone

hypertrophy, since their two arms provide both an active

hypertrophic response and a passive control all within the

same individual. Severe functional adaptation in the form of

increased humeral retroversion and twisted bone growth due

to extensive external and internal rotation of the dominant

armofelite tennisplayershasbeenreportedbyChandleretal.

(1990), Krahl et al. (1994), Haapasalo et al. (2000), Ducher

et al. (2005) and Elliott (2006). The same phenomenon can

be found in baseball pitchers, see Osbahr et al. (2002) and

Sabick et al. (2004), or handball players, see Pieper (1998).

Proximal growth and remodelling of the humerus and

adaptation-induced inter-arm asymmetry are more pro-

nounced, but unfortunately also significantly more injurious,

when athletes begin their intensive training during early

stages of skeletal and muscular development, see Chandler

et al. (1990), Krahl et al. (1994) and Ducher et al. (2005).

How can an athlete possibly accelerate an object to

155 mph? To be able to improve performance, identify the

critical loads and interpret the potential risk factors during a

tennis serve, it is important to fully understand the kinetic

chain, i.e. the efficient function and interaction of all body

parts involved in stroke production, see Elliott et al. (2003)

and Elliott (2006). Figure 1 displays a typical kinetic chain

during serve. According to the studies of Elliott et al. (1995),
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the individual contributions to maximum racket velocity at

impact are a sum of 10% shoulder activity, 15% upper arm

horizontal flexation, 40% upper arm internal rotation, 5%

forearm prognation and 30% hand flexation. This underlines

the significant role of the internal rotation of the upper arm at

the shoulder joint during service. Enormous muscle forces

are involved in these activities and it is not surprising that

most high performance tennis players suffer from acute or

chronic shoulder pain, see Hill (1983), McCann and Bigliani

(1994) and Elliott et al. (2003).

How are these tremendous muscle forces generated?

The optimal activation of muscle force can be achieved in a

balanced interplay of stretch and shortening as described in

detail in Noffal (1999). During the eccentric pre-stretch

phase, elastic energy is stored in the anterior shoulder

muscles. When timed correctly, this energy can be partially

recovered during the concentric phase of muscle shortening

such that the overall muscle performance is enhanced.

The internal rotators, in particular the pectoralis major and

the latissimus dorsi, must accelerate the upper arm in the

swing to impact and thereby apply a giant internal rotational

torque at the proximal end of the humerus. At the distal end of

the humerus, the forearm is creating an external rotation

torque. The net result is a torque about the long axis of the

humerus (Figure 2). It was previously postulated that during

ball contact, mechanical stimuli in form of vibrations are

transmitted from the racket to the hand and initiate functional

adaptation, see Krahl et al. (1994). In this manuscript,

however, we illustrate that it is the above described stretch-

shortening interplay of the internal rotators that generates the

most critical loading scenario for bone growth and

remodelling. In response to this overload, humerus density

increases locally to maintain bone–muscle-force equili-

brium and avoid tissue overuse that might otherwise result in

acute or chronic shoulder pain.

How can the effects of torsional humeral loading be

quantified? One of the first rigorous studies of torsion in the

human humerus was conducted by Krahl (1947). Based on

systematic analyses with the help of a torsiometer, Krahl

concluded that twisted humeral geometry at different stages

of development could be attributed to muscle forces inducing

a torsional load. Inter-arm asymmetry in high performance

athletes was addressed by Jones et al. (1977) in a qualitative

investigation of humeral hypertrophy based on X-ray images

of tennis player arms. Amongst their 84 study subjects, the

cortical thickness of the dominant arm in male tennis players

was 34.9% larger as compared to the control side, in women

they found a difference of 28.4%. Surprisingly, even though

the experimental techniques have become more advanced

nowadays, the general tendency of one-sided bone

hypertrophy remains the same, see Ducher et al. (2005).

Through, radiologic investigations of athletes who started

training in their early childhood (Krahl et al. 1994) not only

found an increase in bone density and bone diameter in

response to active training, but also a pronounced increase in

length of the dominant arm. Based on radiographic studies

(Osbahr et al. 2002) classified this functional adaptation in

bone to be predominantly of rotational nature.

How can the stress and the functional adaptation of the

humerus be predicted? Approximately, three decades ago

(Cowin and Hegedus 1976) developed the first theory of

adaptive elasticity to characterise mechanically driven

growth in hard tissues. The influence of torsional loading

was first elaborated analytically by Cowin (1987)based on an

idealised cylindrical model of the diaphyseal region of long

bone. Since then, Cowin’s theory has been modified and

refined by many researchers see Beaupré et al. (1990),

Harrigan and Hamilton (1992), Jacobs et al. (1995), Carter

and Beaupré (2001), Kuhl et al. (2003), Kuhl and Steinmann

(2003a, 2003b) and Kuhl and Balle (2005). Nevertheless, the

fundamental ideas remain the same in all theories: a

mechanical driving force, energy, stress or strain, initiates a

local increase or decrease of density, until a biological

equilibrium state is reached. Changes in loading stimulate

functional adaptation and the density profile is adjusted

Figure 1. Kinetic chain during serve recorded by high-speed video analysis. Typical sequence covers four characteristic phases: (I)
backswing, (II) maximum external shoulder rotation, (III) ball impact and (IV) maximum internal shoulder rotation. Muscle forces on the
humerus are postulated to be highest during maximum external shoulder rotation and ball impact.

Figure 2. Right humerus. The proximal humerus (right)
consists of a large rounded head of nearly hemispherical form.
The humerus shaft is almost cylindrical in its superior half (right)
and prismatic and fattened below (left). The inferior extremity of
the humerus (left) is flattened and slightly curved forward ending
below in a broad articular surface which is divided by a slight
ridge.

R.E. Taylor et al.2
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accordingly. While Cowin’s original analyses are merely

analytical, more recent work is based on computational

simulations allowing for a more sophisticated nonlinear

characterisation of growth and a more accurate represen-

tation of bone geometry. The ultimate goal is to predict fully

3D patient specific density profiles that could be compared to

bone mass density index measurements. Theoretically, the

underlying finite element simulation tool not only allows for

a precise modelling of bone geometry, but could also account

for an accurate representation of the individual muscle forces

acting on the bone. It is difficult, however, to correctly

measure these forces in vivo. Musculoskeletal simulation

provides a powerful tool to determine muscle force vectors in

silico, see Delp et al. (2007a, 2007b). These force vectors are

essential input parameters for the finite element based bone

density simulation, see Kuhl (2007).

Motivated by college athlete tennis players who reported

chronic pain in their dominant shoulder, we aim at predicting

humeral growth in the stroke arm in response to high

performance sport specific mechanical loads. To this end, we

develop a finite element based computational tool to simulate

the functional adaptation in hard tissues in response to

mechanical load or, in particular, sport specific overload.

We postulate that the critical load scenario that initiates bone

growth and remodelling is related to maximum external

shoulder rotation associated with maximum pre-stretch of

the internal rotators. To test this assumption, we compare the

computationally predicted density profiles in response to the

two loading scenarios of maximum external shoulder

rotation and ball impact. Section 2 describes how the

relevant muscle forces during both scenarios are determined

by reproducing critical postures from video analysis. These

muscle forces are then applied as external loads in fully 3D,

nonlinear finite element bone density analysis to predict

density changes in response to loading. Section 3 summarises

the results of the finite element simulation for the critical load

cases during service. The potential impact of this research is

discussed in Section 4.

2. Methods

In this section, we describe the sequence of tools we applied

to generate the input for the finite element simulation of

humeral growth. To test the assumption that peak loading

conditions relevant to growth occur at maximum external

shoulder rotation rather than at ball impact, we first elaborate

the high-speed video analysis during serve. Based on the

individual images, we identify significant postures to

determine critical humerus muscle forces. In particular, we

focus on two stages during the serve: maximum external

shoulder rotation and ball impact. Their postures are

reproduced with the open source software OpenSim, that

provides muscle attachment points and allows us to

determine relevant muscle forces. These generated loads

are then applied as external forces in a finite element analysis

to predict changes in bone density in response to overload.

The calculated density profiles are qualitatively compared to

bone mass density measures of the study subject.

2.1 High-speed video analysis

High-speed video analysis was carried out in the Human

Performance Lab at Stanford University. Figure 3 shows a

sequence of snapshots during service as recorded with two

synchronised cameras. The upper and lower rows display

the frontal and the lateral view, respectively. The sequence

covers the phases of (I) backswing, (II) maximum external

shoulder rotation, (III) ball impact and (IV) maximum

internal shoulder rotation, Figure 3, from left to right.

During the serve, the entire upper limb is subject to

tremendous loads. Figure 3(I) and (II) illustrate the

backswing phase. At the late stage of backswing, the upper

arm takes an extreme external position. In fact, this posture is

associated with such extreme limits of shoulder joint range

motion that it can only be reached dynamically. This cocked

position serves to pre-stretch the internal rotators prior to

stroke. Figure 3(II) and (III) display how maximum forces

are generated at ball impact: maximum acceleration is

created by the superposition of a shoulder-over-shoulder

trunk rotation about the red axis and an explosive internal

rotation of the humerus at the shoulder joint generated by the

concentric contraction of the internal rotators. After ball

impact, between Figure 3(III) and (IV), the contraction of the

internal rotators is slowed by contraction of the external

rotators during the follow-through phase. We postulate that

critical forces occur during phase (II) at maximum external

shoulder rotation and phase (III) at ball impact.

2.2 Musculoskeletal analysis

In the second step of our analysis, we duplicate the critical

postures of Figure 3(II) and (III) within the open source

software OpenSim, see Delp et al. (2007a). We apply

OpenSim’s upper limb model which represents a 50th

percentile male with average muscle properties. Its humerus,

radius and ulna were manually digitised from cadaveric

specimens as described in Holzbaur et al. (2005, 2007).

The model allows the determination of forces in response to

the generated postures and moments arms. It is essentially

based on a four parameter Hill-type muscle model in terms of

the optimal fiber length, the peak force, the tendon slack

length and the pennation angle, see Holzbaur et al. (2005) for

details.

We identify four critical load groups on the humerus:

deltoid, latissimus dorsi, pectoralis major and triceps. While,

the former three muscle groups connect the humerus to the

torso, the latter group extends to the forearm. Due to its

particular location on the lateral side, this muscle group is

significantly stretched during maximum external shoulder

rotation as illustrated in Figure 4 (top, right). The same is true

Computer Methods in Biomechanics and Biomedical Engineering 3
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for the internal rotators, in particular the pectoralis major,

which is stretched remarkably at the late stages of backswing.

Similar to the classical bone adaptation analysis in the

proxima femur, see Carter and Beaupré (2001) and Kuhl

et al. (2003), the relevant muscle forces are summarised

collectively in four force vectors acting on the humerus

during maximum external shoulder rotation and ball

impact, see Table 1. Actually, the musculoskeletal analysis

provides detailed information about individual muscles of

each muscle group as illustrated in Figure 4. For the sake

of transparency, however, these individual muscle forces

are summarised collectively in four force vectors acting on

the humerus during maximum external shoulder rotation

and ball impact, see Table 1. These force vectors are

applied as external loads in the finite element analysis to

determine overload induced humeral hypertrophy.

2.3 Finite element growth analysis

Bone density profiles in the right humerus in response to

the critical muscle forces are determined with the help of a

fully nonlinear finite element analysis tool. Figure 5

displays the finite element model of the right humerus

subjected to the critical muscle forces resulting from the

musculoskeletal analysis. Changes in the density r0 are

assumed to be driven by the neo Hookean free energy c neo
0

through the following biological equilibrium equation:

dtr0 ¼ R0 with R0 ¼ c
r0

r*
0

� �½n2m �

c neo
0 2 c*

0

" #
; ð1Þ

which, in fact, represents the balance of mass in open

system thermodynamics. Its right hand side R0 constitutes

a mass source that accounts for density changes. Based on

the elastic free energy c neo
0 , the biological equilibrium

equation basically predicts a local increase R0 . 0 or

decrease R0 , 0 in density for overloaded or underloaded

tissue regions, respectively. The constant c characterises

the speed of tissue adaptation, n and m are characteristic

exponents that account for the porous nature of bone, r*
0 is

the reference density and c*
0 the reference free energy or

rather the biological stimulus. This energy driven format

of growth dates back to the work of Harrigan and Hamilton

(1992, 1993) and was found to render a stable growth

Figure 3. Four phases during high speed serve: (I) backswing, (II) maximum external shoulder rotation (III) ball impact and (IV)
maximum internal shoulder rotation (from left to right). The upper series displays the frontal view, the lower series the corresponding
lateral view. Critical muscle forces are hypothesised to occur at phase (II) maximum external shoulder rotation and at phase (III) ball
impact. As illustrated through the red axes, the humerus remains aligned with the shoulders throughout the entire serve indicating that
forces are generated primarily through a rotational motion.

R.E. Taylor et al.4
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prediction provided that m . n, see also Kuhl et al. (2003).

Following Carter and Hayes (1977), we introduce the total

free energy density c of the porous bone as the elastic free

energy c neo weighted by the relative density ½r0=r
*
0�

n:

c ¼
r0

r*
0

� �n
cneo with

cneo ¼
1

2
l ln2 J þ

1

2
m I1 2 ndim 2 2 ln J
� �

;

ð2Þ

which is a common approach for cellular materials, see also

Gibson and Ashby (1997). Since we allow for finite

kinematics, we use the neo Hookean free energy c neo

parameterised in terms of the deformation gradientF ¼ 7w

or, to be more precise, in terms of its first invariant I1 ¼

trðFÞ and its Jacobian J ¼ detðFÞ. Moreover, l and m are

the two Lamé parameters and n dim denotes the number

of spatial dimensions. The free energy of Equation (2)

defines the Piola stress P ¼ ›Fc that enters the mechanical

equilibrium equation DivðPÞ8 0.

P ¼
r0

r*
0

� �n
Pneo with

Pneo ¼ mFþ ½l ln J 2 m �F21;

ð3Þ

With the above equations at hand, how do, we determine the

current density profile for the prescribed muscle forces?

The evolution of the density rnþ1
0 at time t nþ1 is governed by

the balance ofmass of Equation (1), a first-order rate equation

which has to be discretised in time. We suggest an

unconditionally stable implicit Euler backward scheme

based on the finite difference interpolation dtr0 ¼ ½rnþ1
0 2

rn0�=Dt. The discrete counterpart of Equation (1) can then be

cast into the following residual statement

R ¼ rnþ1
0 2 rn0 2 c½½rnþ1

0 =r*
0�

½n2m �c neo
0 2 c*

0�Dt8 0,

Table 1. Representative muscle force vectors of right humerus: deltoid, latissmus dorsi, pectoralis major and triceps. All forces acting
on the humerus during phase (II) maximum external shoulder rotation and phase (III) ball impact are summarised collectively in four
representative force vectors.

Load case Deltoid Latissimus dorsi Pectoralis major Triceps

Phase (II) 1410 N 1275 N 1490 N 1250 N
(þ0.46, þ 0.76, 2 0.46) (þ0.49, þ 0.39, 2 0.78) (þ0.47, þ 0.75, 2 0.47) (20.44, 2 0.79, þ 0.44)

Phase (III) 1600 N 1385 N 1170 N 580 N
(þ0.26, þ 0.94, 2 0.22) (20.57, þ 0.79, 2 0.23) (þ0.41, þ 0.82, 2 0.41) (20.25, 2 0.94, þ 0.25)

Figure 4. Relevant muscle groups of right humerus: deltoid, latissmus dorsi, pectoralis major and triceps (from left to right). All forces
acting on the humerus during phase (II) maximum external shoulder rotation (top row) and phase (III) ball impact (bottom row) are
summarised collectively in four representative force vectors.

Computer Methods in Biomechanics and Biomedical Engineering 5
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which is obviously a nonlinear equation in terms of the

current density rnþ1
0 . We thus suggest an iterative solution

strategy based on a local Newton iteration such that

Rkþ1 ¼ Rk þ dRkDr0 8 0. The linearisation of the residual

dRk ¼ ›r0
Rk ¼ c½n2 m �½rnþ1

0 =r*
0�

½n2m �cneoDt2 1 ren-

ders the incremental update of the density as Dr0 ¼

2Rk=dRk. The material density can then be updated as

rnþ1
0 ˆ rnþ1

0 þ Dr0. The consistent linearisation of Piola

stress A ¼ dFP then renders the algorithmic tangent

operator:

A¼
r 0

r*
0

� �n
Aneo þ gP^P

with Aneo ¼ lF2t^F2t þ ½m2 l lnJ �F2t^F21 þmI^I

and g¼
cn r0

r*
0

h i2mh i
r0 2 c½n2m � r0

r*
0

h i½n2m �

cneo
0 Dt

� � ;
ð4Þ

which ensures quadratic convergence of the global Newton

iteration. Here, we have made use of the abbreviations^ and

^ for the non-standard dyadic products according to the

following component-wise definitions {†^+}ijkl ¼

{†}ik^{+}jl and {†^+}ijkl ¼ {†}il^{+}jk. Also, for con-

venience, we have dropped the current time index such that

r0 ¼ rnþ1
0 . The algorithm for an iterative determination of

the current density r0 is summarised in Table 2.

To determine the critical loading situation for the

humerus, two independent finite element simulations were

performed for load scenarios (II) maximum external

shoulder rotation and (III) ball impact. Although, of

course, in vivo, growth is stimulated by a superposition of

all relevant load cases, we analyse these two load cases

separately to understand how bone would respond to each

of them individually. The applied muscle forces from the

deltoid, latissimus dorsi, pectoralis major and triceps for

both loading scenarios are summarised in Table 1 and

illustrated in Figure 5. Dirichlet boundary conditions are

chosen in accordance with four contact areas between the

Table 2. Computational algorithm to determine current density r0 with the help of
local Newton–Raphson iteration scheme. Within a nonlinear finite element analysis,
this iteration is embedded locally at the integration point level. At local convergence,
the growth stresses P and growth tangent A are calculated to determine the element
vector of internal forces and the element stiffness matrix for the global Newton–
Raphson iteration. At global convergence, equilibrium densities r0 are stored locally as
history variables on the integration point level.

Compute elastic free energy c neo ¼ 1
2
l ln2 J þ 1

2
m I1 2 n dim 2 2 ln J
� �

Compute elastic stress Pneo ¼ mFþ ½l ln J 2 m �F21

Compute elastic tangent Aneo ¼ lF2t^F2t þ ½m2 l ln J �F2t^F21 þ mI^I

Local Newton iteration

Compute residual R ¼ r0 2 rn0 2 c r0

r
*
0

� �½n2m �

c neo 2 c
*

0

" #
Dt

Compute derivative dR ¼

12c½n2m �
r0

r
*
0

� �½n2m �

c neo

r0Dt

Compute update r0 ˆ r0 þ Dr0 with Dr0 ¼ 2R/dR

Check convergence jDr0j # tol ?

Compute growth stress P ¼
r0

r
*
0

� �n
Pneo

Compute growth tangent A ¼

r0

r
*
0

� �n

Aneoþcn
r0

r
*
0

� �2m

Dt

½r0dR�P^P

Figure 5. Finite element model of right humerus. Discretisation with 1342 linear tetrahedral elements and 3969 degrees of freedom.
Critical muscle forces of deltoid, latissimus dorsi, pectoralis major and triceps during phase (II) maximum external shoulder rotation (left)
and phase (III) ball impact (right).

R.E. Taylor et al.6
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humerus and the ulna and the radius on the distal end.

On the proximal side, the contact area between the

humerus and the shoulder joint is identified and fixed in

space. The humerus is discretised by 1342 linear

tetrahedral finite elements with a total of 3969 degrees

of freedom. In the simulation, the Lamé parameters are

chosen to l ¼ 288.46 and m ¼ 192.31 corresponding to a

Young’s modulus of E ¼ 500 N/mm2 and Poisson’s ratio

of n ¼ 0.3 in the linear limit. The initial density was

normalised to r0 ¼ 1 g/cm3, the biological stimulus is

c0 ¼ 0.01 N/mm2 and the exponents of growth are chosen

to m ¼ 3 and n ¼ 2, respectively, see Carter and Beaupré

(2001) and Kuhl et al. (2003). Because of the highly

nonlinear nature of the coupled growth-deformation

equations, the critical forces are applied in 10 time steps

Dt each scaled by a factor 0.00025. Once the total forces

are applied, another 54 time steps are calculated until

biological equilibrium is reached.

2.4 Bone density X-ray analysis

To validate the computational prediction of density

changes, we compare the finite element simulation with

bone mineral density measurements of the right humerus.

Figure 6 displays typical X-ray images of the left and

right humerus. The bone mass density of the humerus shaft

in the left upper arm was determined to be 1.107 g/cm2.

Remarkably, the right humerus displayed a 24% higher

bone mass density index of 1.369 g/cm2.

3. Results

The results of the finite element growth analysis described

in Section 3 are summarised in the sequel.

3.1 Phase II – maximum external shoulder rotation

Figure 7 displays the temporal evolution of the density

profile in response to the muscles forces of phase (II) at

maximum external shoulder rotation. This phase of the

service is crucial in preparation for a high-speed serve, see

Noffal (1999). It is dominated by an eccentric pre-stretch

of the internal rotators that aims at storing elastic energy in

the pectoralis major and the latissimus dorsi. In fact, the

external shoulder rotation during phase (II) is so extreme

that the related posture can only be achieved dynamically.

The primary goal is to recover the stored muscle energy

during the concentric phase of muscle shortening prior to

ball impact and thereby maximise racket acceleration.

According to Elliott et al. (1995), 40% of the racket

velocity can be attributed to upper arm internal rotation.

Not surprisingly, this load case generates significant

muscle forces which, in turn, initiate humeral hypertrophy.

The tremendous forces of 1490 and 1275 N generated by

the pectoralis major and the latissimus dorsi group

severely exceed the physiological baseline level.

The computational simulation thus predicts twisted bone

growth as a natural consequence of this loading pattern.

The density profiles of Figure 7 clearly display the

characteristic twisted bone growth profile that was found

in tennis players, baseball pitchers and handball players.

Torsion induced humeral hypertrophy generates increased

bone growth all along the humeral axis. The computa-

tionally predicted density profiles agree with experimental

findings and thus suggest that maximum external shoulder

rotation indeed plays a significant role in the functional

adaptation process of high performance tennis players.

3.2 Phase III – ball impact

Figure 8 displays the temporal evolution of bone density

caused by the muscle forces of phase (III) at ball impact.

This phase was previously postulated to generate most

critical loads for humeral hypertrophy, see Krahl et al.

(1994). It is primarily dominated by the deltoid muscle

group with a maximum force of 1600 N that is almost

aligned with the humeral axis. In comparison with the

previous analysis, the pre-stretch of the pectoralis major

and the triceps is released from 1490 to 1170 N and from

1250 to 580 N, respectively. Consequently, the overall

effect of density growth in response to overload is less

pronounced for the isolated consideration of phase (III).

A comparison of Figures 7 and 8 is in good agreement with

this reasoning. Figure 8 displays a density increase along

the longitudinal axis of the humerus. However, this increase

is less pronounced than the twisted growth of Figure 7.

Not only the overall magnitude of bone growth, but

also the locations of bone deposition differ significantly

for both loading scenarios. While, bone mass is clearly

increased in a torsional pattern all along the humeral shaft

in Figure 7, new bone is only deposited locally around the

Figure 6. Representative X-ray images of right and left
humerus of high performance tennis player. Dominant right
arm clearly displays a higher bone mass density. Quantitative
evaluation reveals a bone mass density index of 1.369 g/cm2 for
the right and 1.107 g/cm2 for the left humeral shaft.

Computer Methods in Biomechanics and Biomedical Engineering 7
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attachment points of the deltoid and the pectoralis major in

Figure 8. Counterintuitively, ball impact thus does not

seem to generate the most critical loading for the humeral

hypertrophy. During ball impact, muscle forces are

aligned with the longitudinal axis of the humerus. From

a structural mechanics point of view, the humerus acts as a

truss that is primarily loaded in tension. When it comes to

structural overload and bone failure, torsional loading

during phase II seems to be more critical than longitudinal

loading during phase III.

In summary, the density profiles predicted with the

finite element analysis are in qualitatively good agreement

with biophysical reasoning and provide additional insight

and improved understanding of complex phenomena

associated with torsional growth along the humeral shaft.

4. Discussion

Motivated by college athlete tennis players who reported

pain in their dominant shoulder, we initiated a multilevel

series of studies including high-speed video analysis,

musculoskeletal analysis, finite element growth analysis

and X-ray bone density analysis. The underlying general

hypothesis that overload causes changes in bone density is

not new and several computational tools to predict density

patterns have developed in the past. The accurate

t = 10 ∆t

t = 24 ∆t

t = 48 ∆t

t = 64 ∆t

Figure 7. Twisted growth: time sequence of density adaptation in response to critical muscle loads during phase (II) maximum external
shoulder rotation. Red colours indicate significant increase in bone mass density due to overload. Predominant torsional loading by
pectoralis major and latissimus dorsi induces humeral hypertrophy with pronounced twisted bone growth.

t = 10 ∆t

t = 24 ∆t

t = 48 ∆t

t = 64 ∆t

Figure 8. Longitudinal growth: time sequence of density adaptation in response to critical muscle loads during phase (III) ball impact.
Red colours indicate significant increase in bone mass density due to overload. Predominant axial loading by deltoid induces humeral
hypertrophy with pronounced bone growth along the longitudinal axis.

R.E. Taylor et al.8
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computational bone density prediction, however, crucially

relies on reliable techniques to determine the relevant

muscle forces that act as phenomenological driving forces

for the density redistribution process. We propose to

determine these forces with the help of the open source

software tool OpenSim. We present the case study of one

particular tennis player to analyse his personal kinematic

chain during the serve, identify his critical postures,

determine the relevant muscle groups based on his personal

kinematics and predict his personal bone growth profile.

The first step of the analysis is the high-speed video

analysis which allowed to identify four phases during

service: (I) backswing, (II) maximum external shoulder

rotation (III) ball impact and (IV) maximum internal

shoulder rotation. Critical muscle forces are postulated to

occur during phase (II) maximum external shoulder

rotation and phase (III) ball impact. Based on the kinematic

postures generated during these critical phases, a

musculoskeletal analysis was performed to identify four

representative muscle groups acting on the humerus during

serve: deltoid, latissmus dorsi, pectoralis major and triceps.

The musculoskeletal analysis revealed the relevant force

vectors, magnitudes and attachment points. For the sake of

convenience, each muscle group was then collectively

summarised in a single representative muscle force vector.

The critical muscle forces for the critical scenarios of

(II) maximum external shoulder rotation and (III) ball

impact were applied as external loads in a nonlinear finite

element analysis. To this end, we developed a problem

specific finite element tool capable of predicting local

changes in density in response to loading. The underlying

conceptual framework that allows for such changes is

referred to as the thermodynamics of open systems: regions

of local overload are predicted to undergo bone hypertrophy

while bone is removed in regions of local underload.

Structurally, different density patterns were generated by

the two critical loading scenarios. Maximum external

shoulder rotation was found to induce a global twisted bone

growth pattern around the longitudinal humeral axis.

In contrast to that, ball impact caused a less pronounced

increase of bone density with material being deposited

locally near characteristic muscle attachment points.

The predicted density profiles were finally compared with

bone mass density measurements based on X-ray analysis.

The X-ray images revealed a significant increase of bone

density in the right upper arm. The bone mass density index

of the humeral shaft was found to be 24% higher in the

dominant right arm as compared to non-dominant left arm.

These values represent the average bone mass density of the

entire humerus shaft. Since bone adaptation is an extremely

local phenomenon that primarily affects selected regions of

bone, we conclude that the local density increase is

significantly higher than just one fourth. Although the

remarkable difference in bone mineral density in both arms

is clearly caused by intense overload during training,

it would be interesting to compare the dominant and non-

dominant arms of non-athletes to identify which fraction of

the 24% bone mass density increase could truly be

attributed to high performance training.

The present manuscript provides insight into the critical

loads during high performance training and the related

mechanisms that drive skeletal adaptation. As such, the

encouraging results of our case study, could be of equal

benefit to high performance athletes and patients with

degenerative bone diseases. They bear the potential to

develop patient-specific, optimised new effective training

strategies to promote targeted bone growth and thereby

improve performance,while at the same time reducing risk of

chronic injury and overuse pain. Since growth and turnover

are most pronounced in early stages of development, the

present analyses might be particularly useful in the design of

training strategies in early childhood, in particular when

identifying optimal timing for individual training strategies

in close correlation with skeletal development.

Remarkably, the four phases of the tennis service are

almost identical to the four phases of baseball pitching: (I)

stride foot contact, (II) maximum external shoulder rotation,

(III) ball release and (IV) maximum internal shoulder

rotation. It is thus, not surprising that professional baseball

pitchers exhibit similar bone growth patterns and suffer from

the same chronic shoulder pain as tennis players. We thus

believe that our analysis tools initially suggested for high

performance tennis players could equally well be applied to

athletes who perform similar unilateral kinematic motion

such as baseball pitchers or handball players.

Overall, there is a more general potential to the present

study and its social impact is not exclusively restricted to

improve performance in competitive sports. The described

techniques to initiate bone growth through strategically

targeted overload can provide guidelines to develop patient-

specific training schedules for the elderly population.

As such, the present theory could help to design physical

therapies to increase bone mineral density in treatment of

degenerative bone diseases such as osteoporosis.

Although, the results of the present study are extremely

promising, we would like to point out that there are several

limitations to the proposed strategy. In addition to the fact

that the chosen finite element mesh is rather coarse and a

finer mesh is likely to predict a smoother density profile,

we would like to clarify that the displayed density profile is

only based on integration point based density values on the

visible elements. To be able to compare the predicted

density pattern with real X-ray images, density values

would have to be projected onto the X-ray scanning plane.

The development of a robust and efficient projection

algorithm is part of our current research. The resulting

projected density images could eventually be used for a

qualitative comparison of local bone mass density indices,

which, in turn, would require a local evaluation of the

X-ray images.

Computer Methods in Biomechanics and Biomedical Engineering 9
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Since, the underlying finite element mesh of our analysis

is relatively coarse, the initial bone was assumed to be

homogeneous with similar material properties in each

element. With a finer mesh, however, we would suggest to

model the outer element layer as cortical bone and all

internal elements as trabecular bone. Cortical bone would

then have a higher initial density than trabecular bone and its

density would not be allowed to change over time.

An additional advantage of a finer mesh would be that

muscle forces could be applied more accurately: the four

representative force vectors should eventually be replaced

by the individual muscle forces of each muscle group. These

changes are straightforward and do not require additional

algorithmic modifications or computational cost.

The exact representation of appropriate boundary

conditions, however, is a critical issue that cannot be solved

straightforwardly. In analogy to most growth and remodel-

ling analyses, we model the tissue as an isolated structure

that, apart from a few Dirichlet boundaryconditions, is free to

move and grow in space. An accurate representation of the

in vivo loading situation would require the incorporation of

surrounding tissue through an elastic foundation. In such an

approach, which is commonly applied in geomechanical

modelling, soft environmental support could be accounted

for through elastic springs.

Up to now, we base our work purely on a static kinematic

analysis. For the sake of simplicity, we ignore arm segment

mass, tennis racket mass, forces due to gravity and forces due

to the impact impulse of the ball and racket. Since, the

musculoskeletal analysis tool OpenSim is suited to dynamic

analyses, dynamic forces could straightforwardly be

incorporated, provided appropriate motion capture data of

the service was available. We assume that service dynamics

severely influence the critical loads and, accordingly, the

predicted density profiles of the humerus.

Apart from these incremental refinements, we believe

that the proposed multilevel analysis strategy has a

significant potential to provide further understanding of

the effects of sport induced muscular overload on skeletal

development and functional adaptation.
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