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1 Introduction 
Baseball belongs to the most popular and commercial sports 

in the world. In their search for improvement, coaches often 

seek the help of science. Not only is a lot of effort done trying 

to make pitchers throw faster, but injury prevention is also a 

major concern. Indeed, premature career endings are 

omnipresent among pitchers due to injury in the throwing arm. 

The science of biomechanics can aid coaches in this process, 

using powerful tools like motion analysis and musculoskeletal 

modelling. The Dutch royal baseball and softball federation 

(KNBSB) supports such research in the project ‘FASTBALL’ 

(Fast And Safe Throwing in baseball), a collaboration between 

the Vrije Universiteit Amsterdam and Delft University of 

Technology. The research in this thesis is part of this project.  

Pitching is a complex motion involving many joints and 

requires coordinated movement patterns to transfer energy from 

the legs via the trunk and throwing arm to the ball. The motion 

can be divided in the windup, stride, arm cocking, acceleration, 

deceleration and follow-through (Werner et al., 1993), as 

illustrated in Figure 1.  

In the windup, the ball is still in the glove and the pitcher 

prepares a fitting starting position, which varies a lot per person. 

The windup involves lifting the non-dominant leg, called the 

striding leg. Striding starts with taking the ball out of the glove, 

stepping towards the home plate with the striding leg and ends 

with the foot contacting the pitching mound. In arm cocking, the 

throwing hand is moved back as much as possible. This is 

achieved by humeral external rotation, shoulder abduction, 

elbow flexion and scapular retraction (Seroyer et al., 2010, 

Moynes et al., 1986). At this moment, hand and ball have 

minimal velocity, and acceleration starts. The scapula is 

protracted, the humerus is rotated internally and adducted 

horizontally. In the acceleration phase, a lot of power is 

produced and a high shoulder internal rotation speed of 

sometimes over 9000°/sec is reached (Pappas et al., 1985, 

Fleisig et al., 1999). After ball release deceleration starts. The 

follow-through is used to put the body in a balanced position 

again. This is mainly done using the trunk and lower body.  

This thesis will deal with applying a musculoskeletal model 

to the pitching motion. Such a model makes it possible to 

estimate the muscle forces and joint loads. This will give insight 

in the understanding of shoulder mechanics during pitching and 

is assumed to improve performance and understanding of injury 

mechanisms. A model of the shoulder region will be used, 

because the shoulder plays such an important role in pitching. A 

number of 3D models of the shoulder region are available, 

varying in complexity and the anatomical data used. Examples 

are the Swedish model (Karlsson and Peterson, 1992), SIMM 

(Holzbaur et al., 2005), the AnyBody model (Damsgaard et al., 

2006) and the Newcastle model (Charlton and Johnson, 2006). 

Among the most sophisticated models is the Delft Shoulder and 

Elbow Model (DSEM). In this research the DSEM will be used, 

because it is advanced, and because of the expertise on this 

model available at our university. Our goal is to use simulations 

of the pitching motion in the DSEM to study the motion. 

Currently, there are three problems that impede proper 

simulations. 

The first problem is the lack of proper kinematic recordings, 

especially as the scapula is difficult to track due to the high 

amount of soft tissue covering it, its flat shape and the amount 

of skin deformation during motion. The second problem is the 

fact that the model is based on the muscle properties of an 

elderly man. Accordingly, the maximum force of the model 

could be too limited to generate the high accelerations that occur 

in the pitching motion. The third problem is the extreme 

character of the motion: higher bone velocities and larger bone 

rotations occur compared to previous simulations in the DSEM. 

Additionally, pitchers have an adapted range of motion (Brown 

 
Figure 1: Phases of the pitching motion. ER: external rotation. IR: internal rotation. Adapted from Fleisig et al. (1996) 
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et al., 1988, Ellenbecker et al., 2002), which may cause 

incompatibility with the model.  

An experimental study will be performed to address these 

problems, combining kinematic measurements, including 

tracking of the scapula, with force measurements. This will 

result in a dataset that can be used as an input for the DSEM, 

where the kinematic data can be used as an input and the force 

measurements can be used to scale the maximum force of the 

model. Consequently, in a simulation study the DSEM will be 

used with these data to study the compatibility of the kinematic 

data with the model and the effects of force scaling. 

Finally, the motion will be studied. Knowledge of the 

musculoskeletal interactions that result in the high accelerations 

that occur in pitching is lacking. The kinematic model of the 

DSEM will be used to estimate muscle length and velocity to 

give information about the contribution of individual muscles 

during the motion.  
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2 Measuring pitching kinematics and 

maximum force to provide a dataset for a 

musculoskeletal model 
An experimental study

2.1 INTRODUCTION 
A musculoskeletal model of the shoulder region can be used 

to study the baseball pitching motion, because it estimates 

muscle forces and joint loads, which give valuable information. 

This will give insight in the understanding of shoulder 

mechanics during pitching and is assumed to improve 

performance and understanding of injury mechanisms. For 

simulation in such a model, kinematic data of the upper limb 

during the pitching motion is required. Additionally, it might be 

necessary to scale the maximum force of the model, since this 

might be too limited to generate the high segment accelerations 

that occur in the pitching motion of elite pitchers. To allow for 

scaling, it is required to measure the maximum force of pitchers. 

An experimental study will be performed, combining shoulder 

kinematic measurements during pitching with maximum force 

measurements, to deliver a dataset that can be used for 

simulations of the pitching motion in a musculoskeletal model 

of the shoulder region. 

2.1.1 Pitching kinematics 
Shoulder kinematics have already previously been measured 

using a maker-based method (Fleisig et al., 1996) and with 

video analysis (Dillman et al., 1993). However, there have been 

no reports of measurements of all the joints in the shoulder 

region using either method. Besides the glenohumeral joint, 

these include the scapulothoracic gliding plane, the 

sternoclavicular, and acromioclavicular joints, which are all 

linked.  

Generally, arm segment rotations are often estimated by the 

thoracohumeral motion, neglecting the scapulothoracic motion. 

The scapula, however, plays an important role in the pitching 

motion. It stabilizes the glenohumeral joint, protracts and 

retracts around the thorax, and is an important link in kinetic 

energy transfer which takes place during the late cocking to the 

acceleration phase from the proximal to the distal segments 

(Kibler, 1998). While for general approximations a 

thoracohumeral description of arm segment rotations might be 

sufficient, for pitching it is desirable to include measurements 

of scapular motion because of its important role.  

While measurement of scapular motion is common for daily 

life activities (van Andel et al., 2008), shoulder pathologies 

(Lopes et al., 2015), and some sports (Veeger et al., 1993, 

Prinold and Bull, 2016), no reports appear to be available on 

scapular motion recordings during pitching. Measuring scapular 

motion is difficult due to the high amount of soft tissue covering 

it, its flat shape and the amount of skin deformation during 

motion, which would be especially high in an explosive task like 

baseball pitching. These problems make the use of cutaneous 

markers, which is common for motion capturing, problematic to 

track the scapula. 

Besides cutaneous markers, there are a number of methods 

available to measure or estimate scapular motion in 3D: 

scapulohumeral regression (Veeger et al., 1993, de Groot and 

Brand, 2001), using a scapula locator (Johnson et al., 1993, 

Meskers et al., 1998, Barnett et al., 1999, Masjedi and Johnson, 

2011), digital fluoroscopy (Talkhani and Kelly, 2001, 

Mandalidis et al., 1999), stereophotometry (Jacq et al., 2010), 

the moiré method (Gomes et al., 2010), a marker-based skin 

deformation method (Brackbill et al., 2007) and using a skin-

mounted acromion tracker (Karduna et al., 2001, Meskers et al., 

2007, van Andel et al., 2009). The decision on what scapula 

tracking method to use can have large impact on following 

simulation studies, because the sensitivity of musculoskeletal 

model predictions for scapula angles is very high. This is caused 

by the fact that the orientation and displacement of the scapula 

have a large influence on the moment arms of attaching muscles 

(Happee and Van der Helm, 1995, Charlton and Johnson, 2006). 

This is because movement of the scapula changes the 

perpendicular distance of the muscle line of action to the joint 

rotation center for attaching muscles. 

In this study, scapular motion will be tracked using a skin-

mounted acromion tracker, as recommended by Lempereur et 

al. (2014) and used by Karduna et al. (2001), Meskers et al. 

(2007) and van Andel et al. (2009), as the other methods are not 

applicable for pitching. Most important considerations for this 

are its accuracy and the fact that the pitching motion is a 

multiplanar, highly dynamic motion and should not be 

constrained by the measurement method.  

2.1.2 Scaling force in a generic model  
A musculoskeletal model of the shoulder region can be used 

to estimate muscle forces and joint reaction forces during the 

pitching motion. When a musculoskeletal model is used for a 

task with high segment velocities and accelerations such as 

baseball pitching, high muscle forces are required and the 

maximum force of the model might be too limited. High muscle 

forces are required because of Newton’s second law of motion 

and because of the force-velocity relationship of muscles, 

stating that muscles are able to produce submaximal force at 

high contraction velocities. However, the force-velocity 

relationship would only be a factor in theory for pitching, 

because it has not been implemented in the inverse-dynamics 

model of the DSEM (Nikooyan et al., 2011). Since more force 
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might be required, scaling of the muscle properties is 

appropriate. 

The DSEM is a generic model created from measurements 

obtained from a 57-year old cadaver (Nikooyan et al., 2011). 

The use of a generic model makes it possible to study the 

musculoskeletal behavior of anyone by only measuring their 

joint angles during a certain motion. Moreover, many 

anatomical parameters that are required for modelling are 

impossible to measure in vivo. However, the use of a generic 

model also has disadvantages. There is a discrepancy in the 

anatomical and physiological musculoskeletal parameters 

between the elderly man whose cadaver is modelled and the 

subjects that participate in kinematic measurements, which are 

young athletes. This can result in the muscle force being too low 

in the model to perform a simulation. This problem doesn’t 

occur for daily life activities, in which the DSEM has 

predominantly been used, because of the fact that these motions 

didn’t require very high segment accelerations or high external 

force. For such motions, the muscle forces will not approach 

their limits and force scaling isn’t required despite possible 

differences in force between subjects and the model. In contrast 

to daily life activities, in baseball pitching high segment 

accelerations occur, which require high muscle forces. 

Accordingly, the maximum muscle forces in the model might 

be too limited to generate the high segment accelerations, 

therefore making scaling essential.  

The difference between the maximum force of the model and 

of the pitcher can be compensated for by scaling maximum 

force, and more specifically by scaling physiological cross-

sectional area (PCSA). PCSA is defined as the area of the 

muscle perpendicular to the muscle fiber direction. PCSA is one 

of the musculoskeletal parameters obtained from a cadaver to 

base the generic model on, as well as muscle fiber length, 

pennation angle and joint rotation center (Veeger et al., 1997). 

PCSA is assumed to relate to the maximum muscle force 

linearly (Bamman et al., 2000, Fukunaga et al., 2001). This has 

also been assumed in the DSEM, where the following 

relationship is implemented to calculate the maximum muscle 

force (𝐹𝑚𝑎𝑥):   

𝐹𝑚𝑎𝑥 = 𝑓(𝑙𝑚𝑢𝑠) ∗ 𝑃𝐶𝑆𝐴 ∗ 𝜎𝑚𝑎𝑥 

Here 𝑓(𝑙𝑚𝑢𝑠) is the normalized force-length relationship and 

𝜎𝑚𝑎𝑥 is the maximum muscle stress of the muscle.  

To compensate for the difference in force of a subject and the 

modelled cadaver, it is possible to scale the PCSA in a 

musculoskeletal model. It makes sense to do so, since muscle 

volume, which is linearly related to PCSA by dividing by 

optimum fiber length, differs greatly between individuals (Vidt 

et al., 2012).  

PCSA scaling has been performed by Bolsterlee et al. (2015) 

using two methods: First, PCSA of all muscles was scaled using 

a single factor derived from maximum force measurements. 

This approach takes inter-individual differences in muscle 

volume into account, but neglects a difference in distribution of 

muscle volume among muscles. Second, PCSA was scaled with 

an individualized scaling factor for all the muscles, with muscle 

volume derived from MRI measurements. In contrast with the 

first method, this method takes into account the difference in 

distribution of muscle volume. However, little difference was 

shown between the results of the two methods, which means that 

the effect of muscle volume distribution and thus force 

distribution over muscles is only marginal. Accordingly, in this 

study an attempt will be made at scaling the maximal force of 

the model with only a single scaling factor, which can be 

obtained with a simple measurement procedure. This scaling 

method can be regarded as successful when the method will 

result in sufficient muscle force in a simulation of the pitching 

motion. However, this could also be achieved without force 

measurements and simply using a very high scaling factor. 

Therefore, in addition the scaling factors found must actually 

represent a difference in muscle force between the subject and 

the model. Whether or not the muscle force will be sufficient for 

pitching will be studied in a simulation study, which can be 

found in Chapter 3.  

2.2 METHODS 

2.2.1 Subjects 
The subjects of the kinematic and force measurements were 

Dutch AAA level pitchers (n = 19), age 15.9 ± 0.74 year, height 

185 ± 7.6 cm, and of 75.2 ± 10.0 kg. After having been informed 

of the aims and procedures of the experiment, all players and/or 

their legal representatives signed an informed consent form. The 

VU Faculty of Human Movement Sciences’ local ethical 

committee approved this research project. 

2.2.2 Kinematic measurements 
3D kinematic data were recorded using a marker based 

optoelectronic measurement technique. Eight cameras (140Hz) 

were used, which were a combination of Optotrak Certus and 

Optotrak 3020 cameras (Optotrak, Northern Digital Inc., 

Canada).  

The subjects wore a tight shirt and all the markers were taped 

to the shirt at the location of a bony landmark. They were 

equipped with twelve active LED markers on the following 

positions: three markers on the thorax cluster and on the side of 

the throwing arm on the medial humeral epicondyle (EM), 

lateral humeral epicondyle (EL), ulnar styloid US), radial 

styloid (UR), head of the third metacarpophalangeal joint 

(RHIP3) and four markers on the acromion cluster. The markers 

 
Figure 2: Acromion cluster 
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on the acromion cluster, shown in Figure 2, were connected 

rigidly to each other by a frame. Two markers are facing 

upwards, two markers are facing laterally with 45° upward tilt. 

Three markers are required to describe the three degrees of 

freedom of the scapula. Four markers were used for the cluster 

to increase the number of frames where at least three markers 

were visible. The cluster was taped to the flat part of the 

acromion. The cluster weighed 1*102 g and the size of the base 

was 10x10 mm.  

The following anatomical landmarks were pointed to 

measure their relative position with respect to the thorax cluster 

and reconstruct their motion: spinous process of the 7th cervical 

vertebra (C7), insicura jugularis (IJ), xiphoid process (PX), 

spinous process of the eight thoracic vertebra (T8). The 

following anatomical landmarks on the scapula were palpated 

with a pointer to measure their relative position to the acromial 

cluster: angulus acromialis (AA), trigonum spinae (TS), angulus 

inferior (AI), acromioclavicular joint (AC). The anatomical 

landmarks on the scapula were palpated with a pointer in 

anatomical position and four key upper limb configurations of 

pitching: windup, maximal external rotation, ball release and 

end of follow-through. The average position of the markers 

expressed in the acromial cluster was used to reconstruct the 

trajectory of the scapula landmarks. A synchronized high speed 

camera (240 Hz), located at the side of the throwing arm facing 

the pitcher, was used to determine the instant of ball release. The 

camera was also used to check whether the acromion cluster 

stayed in place relative to the acromion, by looking at whether 

or not the base of the cluster was parallel to the acromion from 

this side view. A speed gun was used to determine the ball 

velocity and a target was used to determine whether the pitch 

was a strike or a ball. After a warm-up of 20 to 30 minutes, the 

subject performed a total of 5 pitches, after being instructed to 

throw a fastball at maximum speed at the target.  

Pearson correlation coefficients were generated to determine 

the relationship between maximum ball velocity and age, height 

and weight using Matlab (version 2014a, Mathworks). 

Statistical significance was set a priori at P < 0.05. 

The 3D coordinates of the markers were filtered using a low-

pass fourth order Butterworth filter with a cut-off frequency of 

12.5 Hz and then converted to joint angles using ISB 

recommendations (Wu et al., 2005). The bony segment 

coordinate systems of the thorax, clavicle, scapula, humerus and 

lower arm were defined in accordance with the ISB 

recommendations, with the following exceptions: for the 

clavicle, the IJ was used instead of the most ventral point on the 

sternoclavicular joint (SC), because this would have required an 

extra marker, which would have lowered the sampling 

frequency. For the humerus, the following coordinate system 

was used: the y-axis was the line connecting the glenohumeral 

joint rotation center (GH) with the midpoint of EL and EM, 

pointing proximally. The x-axis was the line perpendicular to 

the plane formed by GH, EL and EM, pointing forward. The z-

axis was the common line perpendicular to the x- and y-axis, 

pointing to the right. For the hand, the following coordinate 

system was used: the y-axis was the line connecting RHIP3 and 

the midpoint between US and RS, pointing proximally. The x-

axis was the line perpendicular to the plane through US, RS and 

RHIP3, pointing forward. The z-axis was the common line 

perpendicular to the x- and y-axis, pointing to the right. The 

glenohumeral joint rotation center was found using linear 

regression, as described by Dumas et al. (2007). Joint angles 

were estimated from the marker coordinates for the following 

joints: thorax relative to the global coordinate system, the 

position of the IJ, clavicle relative to the thorax, scapula relative 

to the thorax, humerus relative to the thorax, lower arm relative 

to the humerus and hand relative to the lower arm.  

2.2.3 Force measurements and scaling 
The maximum force in six directions of the subjects was 

found by maximum voluntary contraction measurements over 

time on a handle with an AMTI SRMC3A 6 axis force 

transducer (200Hz) (Advanced Medical Technology Inc., USA) 

attached to it. The subjects were positioned on a stool and were 

instructed to hold on to a handle and to keep their elbow flexed 

90° and the forearm pronated 90°, as shown in Figure 3. Then 

the subjects were instructed to apply maximum force with their 

arm on the handle in six directions consecutively: pushing, 

pulling, left, right, upward and downward, without using their 

trunk. A pause of 2 seconds was observed between each 

direction. This sequence was repeated three times. For each 

direction, the highest attempt of the three was taken as their 

maximum force. Appendix 7.1 describes how the raw data were 

converted to force in N. 

The maximum force of the model was found by performing 

six simulations in the DSEM (version 4.2 in Fortran). The 

position of the subjects was not recorded, thus for the input 

kinematics an estimated position was created for each subject 

with the elbow flexed 90° and the forearm pronated 90° for all 

frames. This was the position in which subjects performed the 

force measurements as well. During the simulation, the external 

force on the hand was increased linearly in one direction at a 

time, with the other external forces remaining zero until the 

maximal force allowed by the model was reached. These six 

directions of external force corresponded to the six directions of 

 

 

 
Figure 3: Measurement position (Bolsterlee et al., 2015) 
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the force measurements. The maximum force of the subjects 

was divided by the maximum force of the model for each 

direction. The highest value of these six was used for the scaling 

factor for each subject to ensure that the model was able to 

reproduce the force of the subject in all directions, which would 

not be the case when taking the mean of all six directions. 

2.3 RESULTS 

2.3.1 Kinematic measurements 
3D coordinates of twelve bony landmarks in the shoulder 

region were recorded for 115 throws from 19 subjects, along 

with ball velocity and strike or ball registration. Ball velocity 

ranged from 60 to 80 mph and was on average 74.1 ± 3.7 mph. 

Number of strikes thrown out of 5 was on average 2.7 ± 1.2 

times. Ball velocity range and mean in mph and number of 

strikes are shown for all subjects along with their age, height 

and weight in Table 1. 

A non-significant negative correlation (r = -0.133, r2 = 0.018, 

P = 0.588) was found for the relationship between maximum 

ball velocity and age. A very weak positive correlation (r = 

0.0504. r2 = 0.003, P = 0.838) was found for the relationship 

between maximum ball velocity and height. A moderate 

positive correlation (r = 0.410, r2 = 0.168, P = 0.081) was found 

for the relationship between maximum ball velocity and weight. 

None of the correlations found were statistically significant. The 

results of the correlation analyses can be found in Table 2. 

To create a kinematic dataset to be used in a musculoskeletal 

model of the shoulder, bone rotations were calculated from the 

markers for 5 throws for subject 18 (15 years, 169 cm, 51 kg). 

Pitching velocity for this subject was on average 67.8 ± 0.84 

mph (Table 1). The rotations of the clavicle, scapula and 

humerus are shown in Figure 5 for one representative pitch. The 

mean maximal values of angles between scapula and thorax are 

shown in Table 3. 

The clavicle was elevated during the entire pitch and was 

elevated the most in the acceleration phase. There was no 

protraction of the clavicle, but retraction was large in the 

cocking phase. The main motion of the scapula was from 

retraction in the cocking phase to protraction in the acceleration 

phase, which was on average 6° and 71° respectively. Forward 

rotation reached on average 25° around ball release. The main 

motion is illustrated in Figure 4, which shows a stick diagram at 

five instances during motion with the scapula highlighted. 

The high speed camera footage showed that the acromion 

cluster tilted forwards a bit relative to the acromion at that 

instance, due to its inertia. This is at the moment of the peak in 

forward rotation, which is illustrated by the red circle in Figure 

5b. 

Arm segment rotations can be estimated by using the 

thoracohumeral motion and using the motion of the scapula 

relative to the humerus. The mean maximum values for these 

two approaches of estimating arm segment rotations are shown 

in Table 4, as well as the difference between the mean maximum 

angles of the two approaches. The largest difference was found 

when horizontal abduction and adduction were compared, with 

an average of almost 50° of the maximum angles. This is 

because of the high scapular protraction that is reached, which 

was on average over 70°.

 

  
a)     b)    c)    d)     e)   

Figure 4: Stick diagram showing the thorax (green), scapula (purple), and arm (blue) for the windup (a), arm cocking (b), maximum 

external rotation (c), ball release (d) and follow-through (e). 
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Table 1: Pitching age, height and weight and their ball velocity (BV) in miles per hour and number of strikes (out of 5) 

Subject # Age Height Weight BV range (mph) BV mean (mph) ± SD # of strikes 

S1 15 184.0 76.4 77-78 77.6 ± 0.55 3 

S2 16 188.5 80.9 60-75 68.2 ± 6.76 3 

S3 16 197.4 90.0 69-75 73.4 ± 2.51 4 

S4 16 185.0 87.7 81-81 81.0 ± 0.00 3 

S5 15 186.0 64.8 75-78 76.6 ± 1.14 1 

S6 17 188.5 70.9 72-74 72.8 ± 0.84 3 

S7 16 185.8 74.5 75-78 77.0 ± 1.22 4 

S8 15 183.0 61.4 71-73 72.0 ± 0.71 3 

S9 16 182.4 93.8 73-75 74.0 ± 0.71 3 

S10 16 191.5 69.0 71-74 73.0 ± 1.22 3 

S11 15 182.2 73.6 74-77 75.4 ± 1.34 1 

S12 17 176.8 71.7 73-74 73.8 ± 0.45 2 

S13 17 188.5 72.5 70-73 72.0 ± 1.41 4 

S14 16 186.7 76.2 74-75 74.8 ± 0.45 4 

S15 17 174.0 75.0 76-78 77.4 ± 0.89 0 

S16 16 187.7 79.8 70-72 71.0 ± 1.00 2 

S17 15 184.0 76.0 77-80 78.2 ± 1.10 4 

S18 15 169.0 51.0 67-69 67.8 ± 0.84 3 

S19 16 203.0 83.0 71-74 72.4 ± 1.14 1 

Table 2: Pearson correlation coefficients for relationships between maximum ball velocity and age, height and weight 

Variable Mean ± SD r  r2 P value 

Age 15.9 ± 0.74 year -0.133  0.018 0.588 

Height 185 ± 7.6 cm 0.0504  0.003 0.838 

Weight 75.2 ± 10 kg 0.410  0.168 0.081 

Table 3: Mean maximum values of angles between scapula and thorax averaged over 5 pitches 

Segments Rotation Mean (°) ± SD 

Scapula relative to thorax 

 

 

 

 

 

Retraction 6 ± 0.5 

Protraction 71 ± 3.1 

Lateral rotation 7 ± 1.2 

Medial rotation 28 ± 1.6 

Forward rotation 25 ± 0.9 

Backward rotation 17 ± 1.8 

Table 4: Mean values of maximum segment angles over 5 pitches 

Segments Rotation Mean (°) ± SD 

Humerus relative to thorax 

 

 

 

 

 

Horizontal abduction 53 ± 1.3 

Horizontal adduction 124 ±4.6 

Depression 27 ±1.5 

Elevation 114 ±1.7 

External rotation 167 ±1.4 

Internal rotation 23 ±2.5 

Humerus relative to scapula 

 

 

 

 

 

Horizontal abduction 53 ±1.0 

Horizontal adduction 74 ±6.3 

Depression 31 ±2.3 

Elevation 96 ±4.0 

External rotation 147 ±0.9 

Internal rotation 7 ±3.2 

Difference 

 

 

 

 

 

Horizontal abduction 1 ±0.8 

Horizontal adduction 50 ±2.4 

Depression 4 ±1.2 

Elevation 18 ±4.2 

External rotation 20 ±1.6 

Internal rotation 16 ±0.7 
 



  10   

 

  

  
  

 
Figure 5: Bone rotations of a single pitch. MER: maximum external rotation. BR: ball release. ‘+’ are positive values, ‘-‘ are 

negative values. 
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2.3.2 Force measurements and scaling 
The average maximum force of the subjects was highest with 

pulling (260N ± 57) and lowest with external rotation (93N ± 

26). Two subjects had a higher force upwards than with pulling, 

as shown in Table 5. For right handed subjects, internal rotation 

refers to left and external rotation refers to right. For left handed 

players, this was opposite. Two subjects (S1 and S5) produced 

more force upwards than with pulling. 

The maximum force of the model was highest with pulling 

(265N) and lowest with both external rotation and upward 

rotation (125N). This is shown in the last column of Table 5. 

The scaling factors, shown in the last row of Table 5, ranged 

from 1.11 to 2.02. For all subjects, the direction that resulted in 

the scaling factor was ‘up’.  

2.4 DISCUSSION  

2.4.1 Kinematic measurements 
The pitching motion was recorded using an acromion cluster 

to track the scapula. A new design, using the same working 

principal as the designs of other acromion clusters found in the 

literature (Karduna et al., 2001, Meskers et al., 2007, van Andel 

et al., 2009), was used to make it suitable for the pitching 

motion. Validation of this specific design has not been 

performed yet, but this is in progress at the moment of writing. 

Previous studies using other acromion clusters reported to be 

accurate up to 120° of humeral elevation (Karduna et al., 2001, 

Meskers et al., 2007, Prinold et al., 2011). Humeral elevation is 

generally between 80° - 100° in pitching (Dillman et al., 1993, 

Myers et al., 2005, Downar and Sauers, 2005). For this subject, 

elevation of the humerus relative to the thorax was maximum 

114° on average for the 5 throws, none of them exceeded 120°. 

Apart from inaccuracies for large humeral elevation, the 

orientation of the cluster during the motion is very sensitive to 

the attachment location (Shaheen et al., 2011). This is because 

the flat part of the acromion is larger than the base of the cluster, 

allowing for differences in attachment location. Additionally, 

this method allows for differences in the initial orientation of 

the cluster. Inconsistency of attachment location and orientation 

between and within operators will cause inaccuracies. The 

validation study that is in progress should quantify the possible 

inter- as well as intra-operator variability of the attachment 

location and initial orientation. Because of the lack of a 

validation study at this moment for this design, an attempt will 

be made to describe sources of inaccuracies. 

Marker-based methods using non-rigid attachment to bony 

landmarks by definition involve significant inaccuracies, 

predominantly because of skin deformations (Cappozzo et al., 

1997, Holden et al., 1997, Reinschmidt et al., 1997). In this 

study, the markers were attached to a tight shirt instead of 

directly to the skin, so shirt movement was actually the source 

of inaccuracies. The differences in inaccuracies between skin or 

shirt attachment have not been quantified, but are expected to 

be larger for the shirt, because a shirt can move more easily than 

skin, even if it’s tight. 

Since the cluster was taped to the shirt, lacking a rigid 

fixation to the acromion, the high accelerations in the pitching 

motion combined with the inertia of the acromion cluster could 

also cause rotations of the cluster relative to the acromion. After 

looking at the high speed camera footage, some effect of the 

inertia was found to be present just after ball release, which 

gives reason to believe that there is slight overestimation of the 

forward tilt of the scapula for a brief period. This was due to the 

inertia of the cluster at the moment of acromion deceleration. 

The consequences of this effect for modelling will be discussed 

in Chapter 3. 

Another possible source of inaccuracies was the deltoid 

muscle pushing against the cluster. The deltoid contracts during 

humeral abduction and inevitably makes contact with the 

cluster. This effect is even larger when the subject is muscular, 

like many pitchers are in their upper extremities. The direction 

which the deltoid would push the cluster in depends on the 

position of the subject. At the end of the cocking phase the 

humerus is externally rotated and the anterior fibers of the 

deltoid contract. This would result in the deltoid tilting back the 

cluster and overestimation of backward rotation of the scapula. 

In the follow-through the humerus is internally rotated and the 

posterior fibers of the deltoid contract. This would result in the 

deltoid tilting forward the cluster and overestimation of the 

forward rotation of the scapula. 

When using these kinematic data for simulation, it should be 

taken into account that the effect of all sources of inaccuracies 

are inevitably enlarged for this specific motion: pitching. Large 

bone rotations will increase the possible effect of the deltoid 

pushing against the cluster, and high velocities and 

accelerations increase the shirt motion and the inertia effect of 

the cluster. So, using the same measurement method, just 

because of the nature of the motion a measurement for pitching 

will be less accurate than one for a slow motion with small bone 

rotations. 

Table 5: Maximum force [N] of the subjects in six directions. Internal means internal rotation, external means external rotation 

Direction S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18 S19 µ σ Model 

Push 159 168 212 225 128 167 259 134 157 183 184 145 211 170 134 157 229 140 202 177 37 175 

Pull 220 320 233 322 187 241 332 218 232 266 349 194 248 288 291 221 347 153 277 260 57 265 

Internal 122 113 108 150 102 162 175 113 152 137 135 151 108 143 166 136 147 88 119 133 24 145 

External 93 54 90 150 53 117 120 76 87 109 106 75 79 108 125 85 107 60 71 93 26 125 

Up 252 167 177 220 196 192 251 199 182 211 198 183 203 245 234 200 222 139 176 203 30 125 

Down 183 121 172 202 113 153 210 127 177 160 166 134 127 162 160 140 162 86 144 152 31 170 

Scaling 

factor 2.02 1.34 1.42 1.76 1.57 1.54 2.01 1.59 1.46 1.69 1.59 1.46 1.62 1.96 1.87 1.6 1.78 1.11 1.40  1.60 0.20  
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This dataset, obtained from the experimental study in Chapter 

2, with angles for all joints of the shoulder region for one subject 

(S18) enables us to use a complete musculoskeletal model 

which contains all joints of the shoulder region, like the DSEM. 

This dataset will be used in the Chapter 3 in a simulation study. 

For simulation, the extreme character of the motion might cause 

problems. For the DSEM, validation was performed with 

simulations of rather slow movements, away from the limits of 

the range of motion of the shoulder joints (Nikooyan et al., 

2010). In pitching however, there is high horizontal abduction 

and external rotation of the humerus. Besides, it was shown that 

there is a shift in range of motion of the glenohumeral joint on 

the throwing side for pitchers, where maximum external 

rotation increases and maximum internal rotation decreases 

(Brown et al., 1988, Ellenbecker et al., 2002). As a consequence, 

larger bone rotations will be used as a model input than the 

rotations in the validation study by Nikooyan et al. (2010). 

Range of motion has previously been measured for this subject 

group. It is recommended to apply the results of these 

measurements by judging if this change in range of motion on 

the throwing side is present. The difference in range of motion 

can cause incompatibilities between the subject and the model. 

More specifically, the bone rotations of the subject applied to 

the geometry of the model might not fit the kinematic 

constraints in the model. This will be described in Chapter 3. 

Additionally, large bone rotations increase the likelihood of 

muscle wrapping issues. Muscles in the DSEM are modelled as 

frictionless string-like objects. Generally a straight line from 

origin to insertion describes their line of action, however often 

muscles wrap around a bony contour. For instance, the serratus 

anterior wraps around the thorax, which is modelled as an 

ellipsoid (Van der Helm et al., 1992). Singularities can occur, 

meaning that there are multiple trajectories possible around the 

bony contour, which are the shortest. This can result in jumps in 

muscle lengths.  

2.4.2 Force measurements and scaling 
In contrast to MRI measurements, the force measurement that 

was performed was quick and could easily be implemented in a 

measurement protocol that also includes kinematic 

measurements of the pitching motion. Such a protocol can 

deliver a dataset aiming at using a musculoskeletal model. This 

protocol allows the maximum force of that model to be 

individually scaled for all subjects using a single factor. Because 

the scaling factor is the highest for upward force for all subjects, 

taking the maximum scaling factor over all directions actually 

meant using the scaling factor for upward force. This means that 

using this approach, only a force measurement using a single 

direction instead of six would be sufficient to find the scaling 

factor. 

The position was assumed to be constant during the 

measurements, but was not recorded to allow the measurement 

to take place in a larger measurement protocol involving 

kinematic measurements of pitching without increasing 

protocol duration unacceptably. However, the maximum forces 

are sensitive to position changes, which follows from the force-

length relationship of muscles. 

The relationship of the maximum forces in the six directions 

was not consistent between the subjects and the model. Upwards 

was second, so relatively high, on average for the subjects, while 

it was lowest for the model. This means that beside differences 

in maximum force for all directions, which were expected 

because of strength differences, there were also large 

differences in normalized force over the six directions, which 

was more surprising. These differences in normalized force 

were also visible between the subjects: two subjects didn’t exert 

their maximum force with pulling, like all others, but with 

upward force. In the results section (2.3.2), only the maximum 

value of the three trials was shown for all subjects, but the 

results of the other trials showed consistency for most subjects 

in the sense that they exerted their highest force in the same 

direction for all trials. This, however was not the case for S6, 

S10 and S18, whose direction of maximum force was not the 

same for all trials. Bolsterlee et al. (2015) found the maximum 

force to be the highest with pulling for 4 of the 5 subjects and 

with pushing for the other subject. So, both these maximum 

force measurements and the study by Bolsterlee et al. (2015) 

showed differences in the direction where subjects exerted their 

maximum force in. This suggests that there are actually large 

differences in normalized force between people. This could also 

explain that the normalized maximum muscle force in the six 

directions differs from the model to the subjects. 

The choice has been made to deliver individualized scaling 

factors. Instead, the mean or maximum scaling factor of all 

subjects could be used to scale PCSA for all subjects. However, 

because the large differences in maximum force between the 

subjects, resulting in a range of scaling factors from 1.11 to 2.02, 

taking the mean value of 1.60 would result in the force in the 

model being too limited for the strongest subjects. When taking 

the maximum scaling factor of 2.02, all subjects should have 

enough force in the model, but some subjects would have a 

higher muscle force in the model than in reality. This doesn’t 

necessarily impede proper simulation, but was not done because 

realistic scaling factors were preferred. However, the 

disadvantage of this is that all kinematic measurements should 

be performed along with maximum force measurements.  

Instead of using an individualized scaling factor, another 

option would be to use a single factor for PCSA scaling for all 

subjects. Bolsterlee et al. (2015) found that the effect of PCSA 

scaling during simulation of humeral elevation was mainly 

increasing maximum strength, but there was little effect for 

tasks with submaximal force. This means that having too much 

force would have little effect. So, when no individual scaling 

factor is available, it is recommended to use the maximum 

scaling factor found. 

The effect of scaling PCSA should be investigated by a 

simulation study, which will be done in Chapter 3. This chapter 

will also be an attempt in simulating the obtained pitching 

kinematics in the DSEM. 
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3 Simulating the pitching motion in a 

musculoskeletal model of the shoulder region 
A case study 

3.1 INTRODUCTION  
In Chapter 2 a dataset was obtained consisting of upper limb 

kinematics of the pitching motion and a PCSA scaling factor, 

which can be used as an input for a musculoskeletal model. 

There have not yet been any reports on simulations of the 

pitching motion in a musculoskeletal model of the shoulder 

region. This chapter will describe a study where this kinematic 

dataset is used as an input for the DSEM, with the goal of 

performing a complete simulation. Also, the influence of PCSA 

scaling will be investigated. To be able to report results of 

different parts of the model, it is required to describe the 

model’s structure first. 

When using a motion as input to estimate muscle force, the 

inverse-dynamics mode of the model can be used. The inverse-

dynamics mode basically consists of two parts: a kinematic 

model (inverse skeleton dynamics) and a dynamic model 

(muscle force-length relationship and muscle load sharing), as 

illustrated in Figure 6. The force-velocity and passive force-

length relationship are not included in the inverse–dynamics 

model of the DSEM, but they are in the inverse-forward-

dynamics optimization with controller model of the DSEM 

(Nikooyan et al., 2011). 

The kinematic model calculates for each time step the 

acceleration around the joint from the joint angles. The joint 

moments are then calculated from this acceleration, and the 

segment mass using inverse skeleton dynamics. It also 

calculates the muscle lengths in each time step from the joint 

rotations. Compared to a model of the lower limb, which is an 

open-loop system, shoulder modelling faces additional 

challenges because the shoulder region is a closed-loop 

mechanism. That means that, because of differences in 

dimensions of bones, some rotations of the subject are not 

possible for the model. For this reason, optimization of the input 

angles is required to make the input angles compatible with the 

model. This takes place in the kinematic model as well, which 

optimizes the input angles for the clavicle relative to the thorax 

and the scapula relative to the thorax at the beginning of 

simulation. This optimization takes place by fulfilling two 

constraints of the closed-chain mechanism, while minimizing 

differences to the input angles ( �̅�𝑚𝑒𝑎𝑠 ). The motion of the 

scapula is constrained to be on a fixed distance to the thorax, 

which is modelled as an ellipsoid. To be more precise, the 

distances of both the trigonum spinae (TS) and angulus inferior 

(AI) are constrained. Also, the length of the conoid ligament, 

which connects the scapula to the clavicle, is constrained to be 

constant. Because no movement or length change is allowed, 

this is called a hard constraint, which is used by default in the 

DSEM. Instead of a hard constraint, a soft constraint could be 

used for the angle optimization, allowing some variation in 

distance from scapula to thorax and conoid length. When using 

the soft constraint, the optimized angles (�̅�𝑠𝑖𝑚) are calculated by 

minimizing the sum of 𝐽𝜃  and 𝐽𝑐𝑜𝑛  weighted by ‘ 𝑤𝑓 ’ as 

follows: 

min(𝐽𝜃 + 𝑤𝑓 ∗ 𝐽𝑐𝑜𝑛) 

Here 𝐽𝜃 is defined as the summed squared difference between 

�̅�𝑠𝑖𝑚and �̅�𝑚𝑒𝑎𝑠: 

𝐽𝜃 = ∑ (�̅�𝑠𝑖𝑚(𝑖) − �̅�𝑚𝑒𝑎𝑠(𝑖))
2

6

𝑖=1

 

 
Figure 6: Inverse-dynamics model structure of a musculoskeletal model with the following parameters: joint orientation (𝜃), 

velocity (�̇�), acceleration (�̈�), muscle length (Lm), joint moments (M), maximum muscle force (Fmax) and muscle force (Fm) at 

each time sample (i) (Nikooyan et al., 2011). 
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where 𝑖 is the number of the orientation angle 𝐽𝑐𝑜𝑛 is defined as 

the square of the deviation from the three constraints summed: 

𝐽𝑐𝑜𝑛 = (𝑑𝑇𝑆𝑠𝑖𝑚 − 𝑑𝑇𝑆0)2 + 

(𝑑𝐴𝐼𝑠𝑖𝑚 − 𝑑𝐴𝐼0)2 + (𝑙𝑐𝑜𝑛,𝑠𝑖𝑚 − 𝑙𝑐𝑜𝑛,0)
2

  

With 𝑑𝑇𝑆𝑠𝑖𝑚  the distance of TS to the thorax, 𝑑𝐴𝐼𝑠𝑖𝑚  the 

distance of AI to the thorax, and 𝑙𝑐𝑜𝑛,𝑠𝑖𝑚  the conoid length 

(Bolsterlee et al., 2014). An infinite weight factor would result 

in optimized angles equal to those from the hard constraint. A 

weight factor of zero would result in optimized angles equal to 

the input angles. The input angles might be incompatible with 

the model, but most accurately describe the actually performed 

motion. When using the hard constraint the optimized angles 

might have large differences with the input angles, but will fit 

the model motion options perfectly. A weight factor in between 

zero and infinite can be used to find a compromise between 

using the input angles and the optimized angles when using the 

hard constraint. Bolsterlee et al. (2014) used the soft constraint 

with a weight factor of 0.01, because this resulted in a 

satisfactory compromise for simulation of a humeral elevation 

task. 

After having described the kinematic model, a judgement can 

be made on the significance of the two possible problems found 

with the kinematic data in Chapter 2: first, not having measured 

clavicle axial rotation, and second, the possible overestimation 

of the scapula forward tilt because of the inertia of the acromion 

cluster. Both of these rotations can be optimized to be 

compatible with the geometry of the model. However, not just 

fulfilling the model constraints is desired, but also optimized 

angles that have small differences to the input angles. Running 

the kinematic model can give insight in the ability of the model 

to optimize the input angles of the clavicle and scapula and it 

also shows how the muscle lengths change over time.  

The dynamic model estimates the muscle forces through 

optimization using an energy-based load sharing criterion 

(Praagman et al., 2006, Nikooyan et al., 2011). This is required 

because there are more muscles than degrees-of-freedom in the 

model, in other words there is an infinite number of solutions at 

each time step. The estimated muscle forces are independent of 

the previous time samples (hence the often used term ‘static 

optimization’) and are restricted by a maximum muscle force 

that depends on muscle geometry and physiological parameters. 

The maximum force is also restricted by the relative force 

available at the current length, calculated from the active force-

length relationship. The consequence of maximum force being 

limited by the force-length relationship is that when muscles 

reach very low or high lengths, they will hardly be able to 

produce any force, or no force at all. In the latter case, PCSA 

scaling will have no effect. 

Running the dynamic model can give insight in its ability to 

solve the muscle force optimization, in other words if the model 

is able to find a combination of muscles that can generate 

enough force to generate the high segment acceleration that 

occur in the pitching motion. If the required force is too high, 

or the available force is too low due to extreme muscle lengths 

that occur near the end of the range of motion, the model will 

not be able to find a solution in the muscle force optimization 

routine.  

3.2 METHODS 
A kinematic recording of unilateral upper limb bone angles 

during the pitching motion of a 15 year old AAA level pitcher 

(height 169 cm, weight 51 kg, S18 from Chapter 2), consisting 

of 200 frames sampled at 140 Hz, was used as an input for the 

DSEM (version 4.2 in Matlab 2014a, Mathworks).  

First, the input was used for the kinematic model, to isolate 

the performance of this part of the model. The optimized angles 

of the clavicle relative to the thorax and the scapula relative to 

the thorax were compared to the input angles by calculating 

peak differences between the rotations and root mean square 

(RMS) of the difference of the rotations. The relative muscle 

length was compared to the active force-length relationship to 

quantify to what extent the muscles were at a length that 

allowed them to generate a significant amount of force. 

Changing input angles of the clavicle axial rotation and the 

scapula forward rotation, as well as different optimization 

routines were used to study their effect on the processed angles. 

These different optimization routines were using different 

combinations of weight factors for the input rotations as well as 

using a soft constraint, as described by Bolsterlee et al. (2014), 

instead of a hard constraint. For the soft constraint, weight 

factors of 0.01 and 0.2 were used. This was done because the 

weight factor of 0.01 was used by Bolsterlee et al. (2014), and 

the weight factor of 0.2 resulted in a better compromise between 

using the input angles and the optimized angles when using the 

hard constraint. The equations that describe the meaning of this 

weight factor are shown in 3.1. 

Finally, the input was used for the complete version of the 

DSEM, including both the kinematic and dynamic model, to 

investigate the model‘s ability to find a solution of the muscle 

force optimization in each time step. The effect of PCSA scaling 

was found by running the same input file in the DSEM with the 

following scaling factors: 1, 1.25, 1.5, 1.75, 2, 3, 5 and 10. Then 

the number of frames was counted where muscle optimization 

found a solution. The model was adapted with different force-

length curves to investigate the influence of relative muscle 

length on muscle optimization. This was done using the hard 

constraint, as well as the soft constraints with weight factor 0.01 

and 0.2. 

In all simulations, the rotations of the thorax were set to zero, 

because the relatively large thorax rotations cause problems in 

the first kinematic step of the model. This is an issue that was 

already known to the research group.
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3.3 RESULTS 

3.3.1 Running the kinematic model of the DSEM 
The pitching kinematic input file of one subject measured 

with the acromion cluster consists of 200 frames (140 Hz). The 

kinematic model didn’t find a solution in the 89th step in the 

kinematics, exactly the moment of maximum external rotation 

of the humerus. This was because the scapula was reported to 

be inside the thorax.  

There were big differences between the input angles and the 

optimized angles, as can be seen in Figure 7. Most striking were 

the jumps that are visible from the 72nd to the 73rd frame and 

from the 87th to the 88th frame, where the angles are again close 

to where they were at the 72nd frame. The resulting motion from 

the optimization clearly contained artifacts and didn’t represent 

a realistic motion. The consequence of the jumps in the clavicle 

and scapula rotations are directly visible when looking at 

muscle length. These jumps caused a sudden length change, 

which can be seen when looking at the 12 muscle elements of 

the serratus anterior, which is a muscle attached to the scapula, 

in Figure 8. This figure shows that the jumps in the optimized 

angles can cause jumps both up and down in length within a 

single muscle.

  

 
Figure 7: Comparison between input and optimized angles for the clavicle (a) and scapula (b) relative to the thorax. ‘+’ are positive 

values, ‘-‘ are negative values. 
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The fact that the model didn’t find a solution for the joint 

angle optimization in the 89th step is surprising, because the 

angles used in simulation are optimized to fit to the constraints 

and therefore are assumed to be already compatible with the 

model. It is difficult to find the cause of this, as it is not possible 

to isolate the problematic frame, as the optimization of the 

angles takes the previous frame into account. As mentioned 

earlier, besides fulfilling the constraints, the optimization tries 

to minimize the difference with the previous frame. This is 

illustrated by an additional simulation performed starting with 

the 89th frame. This simulation finds solutions for frames 89 to 

132. So, the problems for frame 89 are also caused by frame 88, 

which also depends on the frame before that and so on. 

The high jumps in the optimized angles are not problematic 

solely because of the fact that it doesn’t represent the actual 

motion, but more directly because it causes high jumps in 

muscle length, often to lengths far from the optimum length. 

From the active force-length relationship it is known that 

muscles with lengths far from the optimum length will not be 

able to generate a significant amount of force at these points, 

making it less likely that a solution will be found in the muscle 

force optimization routine of the dynamic model. 41 of 139 

muscle elements showed large jumps in length (> 0.15 muscle 

length/frame), 18 of them jump up, 23 down. The effect of these 

jumps on the maximum relative force is shown in Figure 9, 

showing the average of the elements that jump up and the ones 

that jump down respectively. The muscle elements that jump 

down are below 30% of their maximum relative force during 

this jump. 

 
Figure 8: Muscle length of the 12 muscle elements of serratus anterior  

 
Figure 9: Relative force averaged over all muscle elements with jumps > 0.15 muscle lenghts per frame 
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To solve the problems that arise during the angle 

optimization, there are two ways to influence the optimized 

angles: by changing the input kinematics and by changing the 

optimization routine. 

3.3.2 Changing input kinematics 
Generally, it would be undesirable to change the input 

kinematics, because this would mean that the motion that is 

used as the input would not be the same as the motion that was 

recorded. However, exceptions for this specific case are the 

clavicle axial rotation and the scapula forward rotation: the 

clavicle axial rotation was not measured and was set to zero for 

the complete motion in the input kinematics, under the 

assumption that the optimization of the input angles would find 

reasonable angles for the axial rotation. However, besides 

fulfilling the constraints, this routine is still trying to minimize 

the differences to the input angles. It could help to use a rough 

estimation of the clavicle axial rotation as an input, which will 

then be optimized in order for the model not to minimize the 

differences with zero axial rotation. An attempt to this was 

made by using downscaled rotation of the scapula rotating 

forward and backward for the axial rotation of the clavicle, 

based on the assumption that these rotations are related. The 

rotations are downscaled due to the assumption that the scapula 

rotating forward requires a forward axial rotation of the clavicle 

of a smaller angle. Scaling factors between 0 and 1 in 

increments of 0.1 were used. Also, the possible overestimation 

of scapula rotating forward after ball release was a reason to 

downscale the peak again with scaling factors between 0 and 1 

with increments of 0.1. Scaling of this peak was combined with 

using the scapula rotating forward and backward angles for the 

clavicle axial rotation with different scaling factors, resulting in 

a total of 100 simulations. The effect was found by comparing 

maximum differences between input angles and output angles 

and by comparing maximum differences in angle between 

adjacent frames, which is a measure for how big the jumps are.  

Both of these measures were very high for the original input 

kinematics and changing the input kinematics didn’t result in 

significantly lower values for both measures, but more often 

resulted in much higher values.  

3.3.3 Changing angle optimization routine 
Another option to influence the optimized angles is to 

change the angle optimization routine. This can be done in two 

ways: by changing the weight factors of the six angles and by 

changing the constraints.  

3.3.3.1 Changing weight factors 

As mentioned before, apart from just fulfilling the 

constraints, the optimization tries to minimize the difference 

with the input angles. Different weight factors are used for 

different rotations to show which rotations should be the most 

relied upon. The default weight factors for the six rotations are 

shown in Table 6. As mentioned in 2.4.1, the clavicle axial 

rotation that was not measured and was set to zero in the input 

kinematics still has a weight on it causing the model to try to 

minimize differences with zero axial rotation. Lowering the 

weight will reduce this, although having no weight at all on it 

may increase the probability that unrealistic rotations, such as 

very high clavicle axial rotation or large jumps, will occur. 

Apart from the clavicle axial rotation, the combination of 

weight factors for all rotations might not be optimal for the input 

kinematics of this case. So, for all six rotations weight factors 

from 0-3 in increments of 1 and their combinations were used 

for the optimization routine. This resulted in 46 equals 4096 

simulations. Again, the effect was found by comparing 

maximum differences between input angles and output angles 

and by comparing maximum differences in angle between 

adjacent frames. Changing the weight factors didn’t result in 

significantly lower values for both measures, but more often 

resulted in much higher values. 

3.3.3.2  Using the soft constraint 

Using the soft constraint with weight factor 0.01, the 

kinematic model was able to find a solution for all frames. This 

soft constraint resulted in angles much closer to the input angles 

than with the hard constraint and with smaller jumps. However, 

the soft constraint with weight factor 0.01 caused high variation 

in the distances from TA (1.8 – 7.6 cm) and AI (0.5 – 4.3 cm) 

to the thorax as well as in conoid length (0.7 – 2.4 cm), as shown 

in Table 7. All these distances were constant using the hard 

constraint. To find a better compromise between fulfilling the 

constraints and staying close to the input angles, a soft 

constraint with weight factor 0.2 was used. Again, a solution 

was found for all frames as well as angles closer to the input 

angles, which can be seen in Figure 10. Small jumps occurred 

from frame 50 to 51 and back from 55 to 56. There was less 

variation in the distances from TA (3.3 – 4.2 cm) and AI (2.4 – 

2.9 cm) to the thorax as well as in conoid length (1.4 – 2.2 cm), 

as shown in Table 8. However, differences with the input angle 

increased with changing the weight factor to 0.2. The RMS for 

the difference between input and optimized angles ranged from 

4.3 – 8.7 for weight factor 0.2 and from 0.7 – 5.1 for weight 

factor 0.01. In addition, the highest difference between input 

and optimized angles increased from 12.3° to 21.1° after 

changing the weight factor from 0.01 to 0.2. To see this in 

perspective, using the hard constraint, the RMS ranged from 6.0 

– 16.6 and the maximum difference was 129.1°. Using no 

constraints, both the TS and AI reached negative distances to 

the thorax, meaning the scapula going inside the thorax. 

Extreme length differences of 0.3 – 4.0 cm occurred for the 

conoid ligament.
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Table 6: Default weight factors for the six rotations in the optimization of the angles 

Segments Rotation Weight 

Clavicle relative to thorax 

Pro-/retraction 3 

Elevation/depression 3 

Backward-/forward axial rotation 1 

Scapula relative to thorax 

Pro-/retraction 2 

Lateral- medial rotation 3 

Rotating forwards/backwards 2 

Table 7: Influence of constraint type on ranges of distance of TS and AI to thorax and conoid length. ‘wf’ means weight 

factor. 

Constraint TS distance (cm) AI distance (cm) Conoid length (cm) 

Hard 3.7 – 3.7 2.6 – 2.6 1.9 – 1.9 

Soft (wf = 0.2) 3.3 – 4.2 2.4 – 2.9 1.4 – 2.2 

Soft (wf = 0.01) 1.8 – 7.6 0.5 – 4.3 0.7 – 2.4 

None -3.4 – 9.6 -6.0 – 5.2 0.3 – 4.0 

Table 8: Maximum difference and RMS of input versus optimized angles 

  
Hard constraint 
 

Soft constraint  

(wf = 0.2) 

Soft constraint  

(wf = 0.01) 

Segments Rotation Max difference RMS 

Max 

difference 

RMS Max 

difference 

RMS 

Clavicle relative to thorax 

Pro-/retraction 128.9° 6.0 12.7° 5.3 6.5° 3.1 

Elevation/depression 15.4° 7.1 9.3° 4.9 4.5° 1.5 

Backward-/forward  

axial rotation 129.1° 16.6 

 

8.7° 

 

4.3 

 

1.7° 

 

0.7 

Scapula relative to thorax 

Pro-/retraction 124.5° 9.2 21.1° 8.7 12.3° 5.1 

Lateral-/medial rotation 17.9° 10.4 13.9 6.3 5.4° 2.2 

Rotating forwards/backwards 31.7° 16.5 16.0° 5.9 8.4° 3.0 
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Figure 10: Comparison between input and optimized angles for the soft constraint with weight factor 0.2 for the clavicle (a) 

and scapula (b) relative to the thorax. ‘+’ are positive values, ‘-‘ are negative values. 
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3.3.4 Running the dynamic model of the DSEM 
When running the input with the hard constraint in the DSEM 

with the dynamic model, for only 21 out of 88 frames a solution 

was found in the muscle optimization. This number increased 

when upscaling PCSA, as can be seen in Table 9. Increasing 

PCSA with a factor of 3, 72 frames were solved, but with higher 

factors the number of frames hardly increased anymore (73 

frames for a factor of 10). The frames that are not solved even 

with a very high PCSA scaling factor are 74 to 88, which are 

the frames that correspond to the period of jumps in the 

optimized angles. The fact that there are still frames not solved 

in the muscle optimization despite PCSA scaling is caused by 

the muscle lengths being far from the optimum length, partly 

because of the jumps in muscle length. The fact that these high 

relative muscle lengths are responsible for not finding a solution 

is illustrated by the following simulation: the active force-

length relationship in the model was removed, which was 

achieved by setting the maximum relative force to 1 for all 

relative muscle lengths. Then, when running the model without 

PCSA scaling, 86 of the 88 frames were solved. The unsolved 

frames were in the acceleration phase. The jumps in optimized 

angles are not correct, so the effect of PCSA scaling can be seen 

more easily when using the soft constraints with reduced jumps. 

Because the large jumps in muscle length are not correct, it 

makes more sense to analyze the effect of PCSA scaling using 

the soft constraints, where there are still jumps, but only much 

smaller. 

With the soft constraints, the number of frames solved in the 

dynamic model was a lot higher: without PCSA scaling the 

number of frames solved was 121 and 124 of the 200 frames for 

weight factor 0.2 and 0.01 respectively. This increased to 192 

and 194 with a PCSA scaling factor of 10, as shown in Table 9. 

Removing the force-length relationship without PCSA scaling 

increased the number of frames solved to 172 and 168 for the 

weight factor of 0.2 and 0.01 respectively. The unsolved frames 

for both soft constraints after removing the force-length 

relationship were all in the acceleration phase.  

3.4 DISCUSSION 
The simulations done using the kinematic as well as the 

dynamic model have given a lot of information. The kinematic 

model using the hard constraint causes large jumps in the 

optimized angles and no solution was found at the 89th frame of 

the 200 frames. The solution was not found because the scapula 

was reported to be inside the thorax. This is odd, since the angle 

optimization with the hard constraint was designed to prevent 

this by means of keeping the scapula to a constant distance 

outside of the thorax. It is recommended to investigate this 

problem further by analyzing the input and the output during the 

simulation of all frames of the function that causes this error.  

The jumps and the large differences in input angles and the 

optimized angles mean that the angles used in the simulation 

differ a lot from the measured angles, which is undesirable 

because it undermines the validity of the simulations. The jumps 

also cause problems for the dynamic model, because muscle 

elements jump to lengths far from their optimum, causing the 

force they’re able to produce to be limited greatly because of 

the length dependency of muscle force.  

PCSA scaling increased the number of frames that were 

solved in the muscle force optimization. However, much higher 

scaling factors than recommended in Chapter 2 (S18 

corresponded to a factor of 1.11) were needed for large 

increases of number of frames solved, but still not all frames 

were solved.  

Removing the length dependency of the maximum force was 

more effective than increasing PCSA using the hard constraint, 

because when a muscle is very far from its optimum length, 

increasing PCSA will still leave the muscle unable to produce a 

significant amount of force. Obviously, removing the force-

length dependency is not recommended, this was merely done 

to pinpoint the problems. A relationship was found between 

unsolved frames in the muscle force optimization and jumps in 

the optimized angles, meaning that the insufficiency of muscle 

force despite scaling is at least partly caused by differences 

between input and optimized angles. 

Table 9: Relationship between PCSA scaling factor and number of frames solved in the dynamic model 

PCSA  

scaling  

factor 

F-l  

relation- 

ship 

Hard  

constraint 

 

Soft  

constraint  

(wf 0.2)  

Soft  

constraint  

(wf 0.01) 

1 Yes 21* 121† 124† 

1.25 Yes 26* 130† 126† 

1.5 Yes 34* 144† 127† 

1.75 Yes 43* 147† 132† 

2 Yes 50* 154† 138† 

3 Yes 72* 166† 161† 

5 Yes 73* 185† 185† 

10 Yes 73* 192† 194† 

1 No 86* 172† 168† 

*: number of frames solved of total of 88 frames 

†: number of frames solved of total of 200 frames 
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The fact that even extreme PCSA scaling resulted in 

unsolved frames by the dynamic model, might be caused by 

differences in musculoskeletal properties. For the humerus, 

maximum external rotation is increased and maximum internal 

rotation is decreased (Brown et al., 1988, Ellenbecker et al., 

2002). This implies that pitchers may have a larger optimum 

muscle length or a shifted working range. If that would be the 

case, the active force-length relationship in the model would 

drastically limit muscle force at lengths that are modelled to be 

way above or below optimum length, but in reality might be 

much closer to the optimum length. It is recommended to 

investigate if there’s a difference in optimum muscle length for 

pitchers and to scale this in the model if that would be the case. 

This could have drastic effect on how many frames are solved 

by the dynamic model. 

Changing the weight factor of the clavicle and scapula 

rotations relative to the thorax and changing the input 

kinematics didn’t improve the optimized angles in the sense that 

there were still high jumps and angles far from the input angles 

in the processed angles. However, using soft constraint did have 

major impact. Optimized angles were much closer to the input 

angles and only small jumps were visible. The kinematic model 

found solutions for all frames. 

As a recommendation for future research that will have to 

deal with the modelling challenges laid out here, it is important 

to conclude that the key problem is the optimization of the 

clavicle and scapula angles relative to the thorax. The fact that 

the optimization causes issues with the pitching data, but not 

with other motions (Nikooyan et al., 2010), is likely because the 

motion is more extreme. The extreme character of the pitching 

motion, described by large bone rotations, velocities and 

accelerations, is accompanied with decreased measurement 

accuracies, as described in 2.3.1. Besides possible inaccuracies, 

the large bone rotations itself can increase the difficulty of angle 

optimization.  

Using the hard constraint might be realistic in an ideal 

situation, but is in many cases problematic. Incompatibilities 

between model and subject geometry arise from measurement 

inaccuracies and by the fact that there is large inter-individual 

variance in scapula geometry (Wolffson, 1950, Krobot et al., 

2009) and conoid length (Harris et al., 2001, Takase, 2010). 

Individualization by means of segment scaling can compensate 

for this, but will increase the difficulty of fulfilling the hard 

constraint in the model (Blemker et al., 2007, Prinold et al., 

2013). This hard constraint, representing the fact that all the 

joints in the shoulder are linked, might be in accordance with 

actual shoulder functioning, but might be a problem when there 

are significant differences in geometry between subject and 

model and when measurements inherently are associated with a 

certain degree of inaccuracy. Bolsterlee et al. (2014) also 

proposed segment scaling of the model to fit the subject, which 

should be executed along with using the soft constraint. 

Segment scaling proposals are described by Prinold and Bull 

(2014). Bolsterlee et al. (2014) only used one soft constraint, in 

this study two were used. It is recommended to try even more, 

to find a good compromise between the angles being close to 

the measured angles and being compatible with the model. 

The kinematic problems should be solved before being able 

to fully assess the effectivity of the use of PCSA scaling. This 

is due to the fact that the muscle lengths that are a consequence 

of kinematics that differ a lot from the measured kinematics 

limit the maximum muscle force greatly because of the length 

dependency of muscle force.  
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4 Muscle length and velocity during baseball 

pitching 
A motion study

4.1 INTRODUCTION 
Musculoskeletal modelling can give valuable information 

about the pitching motion. In the acceleration phase of the 

pitching motion, a lot of power is produced and a high humeral 

internal rotation velocity of sometimes over 9000°/sec is 

reached (Pappas et al., 1985, Fleisig et al., 1999). In Chapter 2 

of this study a maximum internal rotation velocity of the 

humerus was found to be on average 5330 °/s ± 114 (one 

subject, five pitches). Knowing how exactly this high velocity 

is achieved could help to give insight into the motion, which 

then could open up possibilities to throw even faster and reduce 

injury rates.  

An option to get information on the contribution of individual 

muscles is to use a kinematic model, which is able to estimate 

muscle length and velocity during the pitching motion. This 

information is valuable, because muscle force has been shown 

to be length and velocity dependent. The active force-length 

relationship has been implemented in the inverse-dynamic 

model of the DSEM. The force-velocity and the passive force-

length relationship are not implemented in the inverse-

dynamics model, but they are in the inverse-forward-dynamic 

optimization with controller model (Nikooyan et al., 2011). 

Force-velocity curves for muscles are generally described by 

a hyperbolic function (Hill, 1938), as shown in Figure 11. An 

important parameter in this relationship is the intersection with 

the horizontal axis, 𝑉0 . This is the lowest velocity where no 

force can be exerted by the muscle. If the muscle contraction 

velocity of the muscles gets close to or beyond 𝑉0, this would 

mean that these muscles are not responsible for the segment 

acceleration in the acceleration phase. An overview of values 

found in the literature for V0, described as maximum unloaded 

shortening velocity, is given in Table 10. 

The force-length relationship is shown in Figure 12. The 

peaks in the middle represent peak active force at optimum fiber 

 
Figure 11: Force-velocity relationship as described by (Hill, 

1938) 

 

 

 
Figure 12: Force-length relationship (Yekutieli et al., 2005) 

Table 10: Maximum unloaded shortening velocities (V0) 

Study Species Muscle in vivo/vitro n range V0 (ML/s) mean V0 (ML/s) 

Morris et al. (2001) Human 

Masseter in vitro 

 

26 0.027-1.82 0.590 ± 0.511 

Leg (various) 18 0.125-1.141 - 

Sasaki and Ishii (2005) Human Triceps surae in vivo 10 0.5-3.4 - 

Sasaki and Ishii (2010) 

 

Human 

 

Tibialis anterior 

in vivo 

 

6 4.2-9.9 - 

Soleus 6 - 7.02 

Extensor digitorum longus 6 - 13 

Edman (1979)  Frog 

Semitendinosus/ 

tibialis anterior in vitro 25 - 2.7 

Larsson and Moss (1993)  

Human 

 

Quadriceps 

in vitro 

86 0.2-4.1  - 

Soleus 17 0.2-1.0  - 
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length. The sudden increase in normalized muscle force after 

the peak doesn’t represent active muscle force, but is the 

consequence of elastic forces. Elastic forces might play a role 

in the pitching motion by contributing to the acceleration, 

because it could be stored in the cocking phase and released in 

the acceleration phase.  

A force transfer could be achieved with spring-like behavior. 

In the cocking phase, there is likely stretching of the muscle-

tendon-units of the muscles that contract in the acceleration 

phase. These are those of the humeral internal rotator, adductor 

and scapular protractor muscles. The stretching of these muscle-

tendon-units requires energy. This energy is provided in the 

cocking phase by either active stretching, caused by the 

opposing muscles, or because of inertia after trunk rotation. In 

the acceleration phase, this energy would then be released: the 

shortening of the structures results in elastic forces that 

contribute to the acceleration.  

In this research, the pitching motion will be simulated in a 

musculoskeletal model of the shoulder region to obtain the 

muscle length over time, which relates to the elastic forces. The 

muscle length will then be used to calculate the velocity of the 

muscles, which relates to the amount of force the muscle is able 

to produce actively. A high shortening velocity would mean that 

the muscle will be unable to exert the force generating the 

motion. Chapter 3 showed that the recorded upper limb 

kinematics could be simulated completely with only the soft 

constraint, and could only partially be simulate with the hard 

constraint. This study will use another dataset which can be 

used for a complete simulation with the hard constraint. The 

optimized angles for this dataset were also closer to the input 

angles than with the dataset in Chapter 3 using either of the two 

soft constraints. 

4.2 METHODS 
Kinematic recordings of six pitches from four different 

subjects were used as an input for the kinematic model of the 

DSEM (version 4.2 in Matlab 2014a, Mathworks). The data 

were recorded by Erik van de Graaff at the Amsterdam Arena 

using a marker-based optoelectronic method. Passive markers 

were used in combination with Vicon cameras with a sampling 

frequency of 100 Hz. The subjects were equipped with 10 

markers on the following positions: spinous process of the 7th 

cervical vertebra (C7), incisura jugularis (IJ), xiphoid process 

(PX), spinous process of the eight thoracic vertebra (T8), 

cluster, medial humeral epicondyle (EM), lateral humeral 

epicondyle (EL), ulnar styloid US), radial styloid (UR), head of 

the third metacarpophalangeal joint (RHIP3) and the acromion 

(AC).  

3D coordinates of the bony landmarks were filtered using a 

low-pass third order Butterworth filter with a cut-off frequency 

of 12.5 Hz. Joint angles were estimated from the marker 

coordinates for the following joints: thorax relative to global, 

the position of the IJ, clavicle relative to the thorax, humerus 

relative to the thorax, lower arm relative to the humerus and 

hand relative to the lower arm. The angles for the scapula 

relative to the thorax were estimated by using the initial 

orientation of the scapula relative to the clavicle of the DSEM 

and assuming that the scapula was fixed with respect to the 

clavicle during the motion. 

The kinematic model of the DSEM was used to estimate the 

relative muscle length. A self-written algorithm, explained in 

Appendix 7.2, was used to remove outliers. The frames 

covering late-cocking phase until ball release were selected by 

selecting a period from 10 ms before until 5 ms after maximum 

external rotation. The average of the relative length of all 

muscle elements of each muscle over time was calculated to 

represent each muscle. The relative muscle velocity, in muscle 

lengths per second, was calculated from the muscle length by 

differentiating the muscle length with respect to time for each 

muscle. For all muscles, the length and velocity at maximum 

external rotation was calculated. For muscles that shorten more 

than 0.1 times the muscle length during the acceleration phase, 

the length at maximum external rotation and ball release was 

calculated. Mean values and standard deviations were 

calculated for these measures over the six different pitches. 

For the length at maximum external rotation, muscles were 

categorized into three groups to describe their ability to produce 

force at that instant. Using the active force-length relationship 

in DSEM, relative muscle lengths were converted to maximum 

relative force, and the three groups were described by their 

percentage of maximum relative force: red (< 25%, or relative 

length of < 0.54 and > 1.44), green (>75%, or relative length of 

> 0.74 and < 1.20) and orange (25 – 75%, or in between red and 

green). 

For the velocity at maximum external rotation, muscles are 

categorized into four groups to describe their ability to produce 

force at that instant. The groups were described by their relative 

velocity, a high negative velocity corresponds to the right hand 

side of the force-velocity curve, the maximum relative force is 

low: red (<-4ML/s), orange (-4 to -1 ML/s), green (-1 to 0 ML/s) 

and black (>0 ML/s, not shortening). 

In all simulations the rotations of the thorax were set to zero, 

because the thorax rotations cause problems in the first 

kinematic step of the model. This is an issue that was already 

known to the research group. 

4.3 RESULTS 
Muscle length and velocity of 30 muscles was found for six 

pitches from four different subjects at maximum external 

rotation. At that point, the teres minor (0.41 ± 0.10) and 

infraspinatus (0.44 ± 0.05) had a very low relative muscle length 

and the serratus anterior (1.40 ± 0.12) and triceps caput longum 

(1.46 ± 0.05) had a very high relative length, all resulting in 

<25% of maximum relative force available (Table 11).  

At maximum external rotation, the anconeus (-7.33 ± 0.74 

ML/s), triceps (caput laterale: -6.80 ± 0.51, caput mediale: -6.20 

± 0.44, caput longum: -5.25 ± 0.77 ML/s) and serratus anterior 

(-4.05 ± 1.61 ML/s) had high velocities of <-4 ML/s, or 

shortening of over 4 ML/s (Table 12). 

The aconeus (0.22), triceps (caput laterale: 0.22, caput 

longum 0.20, caput mediale: 0.20), serratus anterior (0.15), 

deltoideus pars scapularis (0.15) and supraspinatus (0.12) 

shortened more than 0.1 muscle length during acceleration 

(Table 13). 
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The muscle length relative to optimum length over time is 

shown for the pectoralis major, the triceps and the rotator cuff 

muscles in Figure 13: a-c. The muscle velocity, expressed in 

muscle lengths per second for the main scapular stabilizers 

(trapezius and serratus anterior), is shown in Figure 13d. The 

pectoralis major showed little length change. The triceps 

showed peak lengths just before maximum external rotation of 

the humerus and shortening after that. At maximum external 

rotation, the infraspinatus, teres minor and supraspinatus went 

from elongation to shortening and the subscapularis went from 

shortening to elongation. The trapezius elongated with a 

velocity between 0-3 ML/s. The serratus anterior shortened with 

a velocity over 4 ML/s. 

    

Table 13: Muscles with >0.1 muscle length shortening during acceleration phase 

Muscle LMER (/optimum length) LBR (/optimum length) 

Anconeus 0.91 ± 0.02 0.69 ± 0.04 

Triceps caput laterale 0.96 ± 0.02 0.74 ± 0.03 

Triceps caput longum 1.46 ± 0.05 1.26 ± 0.03 

Triceps caput mediale 1.09 ± 0.02 0.89 ± 0.03 

Serratus anterior 1.40 ± 0.12 1.25 ± 0.06 

Deltoideus pars scapularis 0.80 ± 0.04 0.65 ± 0.04 

Supraspinatus 0.76 ± 0.04 0.64 ± 0.04 

 

 

Table 11: Relative muscle length at maximum external 

rotation 

Muscle LMER (/optimum  

length) Teres minor 0.41 ± 0.10 

Infraspinatus 0.44 ± 0.05 

Trapezius clavicular part 0.59 ± 0.05 

Trapezius scapular part 0.67 ± 0.08 

Latissimus dorsi 0.69 ± 0.03 

Subscapularis 0.69 ± 0.04 

Supraspinatus 0.76 ± 0.04 

Rhomboideus 0.77 ± 0.03 

Deltoideus  

scapular part 
0.80 ± 0.04 

Biceps caput longum proximal part 0.84 ± 0.02 

Biceps caput longum distal part 0.84 ± 0.02 

Anconeus 0.91 ± 0.02 

Triceps caput laterale  0.96 ± 0.02 

Pectoralis Minor 0.97 ± 0.06 

Pronator teres ulna-radial 1.00 ± 0.06 

Pronator quadratus 1.00 ± 0.10 

Levator Scapulae 1.00 ± 0.03 

Deltoideus clavicular part 1.00 ± 0.04 

Triceps caput mediale 1.09 ± 0.02 

Brachialis 1.09 ± 0.03 

Brachioradialis 1.10 ± 0.04 

Supinator ulna-radial 1.13 ± 0.04 

Teres major 1.18 ± 0.04 

Coracobrachialis 1.20 ± 0.03 

Biceps caput breve 1.21 ± 0.06 

Pronator teres humerus-radial 1.34 ± 0.04 

Pectoralis major clavicular part 1.34 ± 0.01 

Pectoralis major thoracic part 1.37 ± 0.02 

Serratus anterior 1.40 ± 0.12 

Triceps caput longum 1.46 ± 0.05 

 

Table 12: Relative muscle velocity (ML/s) at maximum external 

rotation 

Muscle VMER (ML/s) 

(ML/sec) Anconeus -7.33 ± 0.74 

Triceps caput laterale -6.80 ± 0.51 

Triceps caput mediale -6.20 ± 0.44 

Triceps caput longum -5.25 ± 0.77 

Serratus anterior -4.05 ± 1.61 

Teres minor -1.98 ± 1.10 

Supraspinatus -1.72 ± 0.94 

Pronator quadratus -1.68 ± 1.52 

Pronator teres ulna-radial -1.36 ± 1.53 

Levator Scapulae -1.13 ± 0.67 

Infraspinatus -1.09 ± 0.71 

Teres major -0.94 ± 0.59 

Pectoralis minor -0.15 ± 0.77 

Rhomboideus -0.04 ± 0.71 

Deltoideus scapular part 0.04 ± 0.41 

Pectoralis major clavicular part 0.16 ± 0.18 

Pectoralis major thoracic part 0.17 ± 0.49 

Trapezius clavicular part 0.27 ± 0.78 

Deltoideus clavicular part 0.69 ± 0.27 

Coracobrachialis 0.76 ± 0.50 

Subscapularis 0.85 ± 0.80 

Latissimus dorsi 1.48 ± 0.97 

Supinator ulna-radial 1.52 ± 1.25 

Trapezius scapular part 2.33 ± 0.69 

Pronator teres humerus-radial 4.08 ± 1.83 

Brachialis 8.76 ± 0.19 

Biceps caput longum distal part 9.21 ± 0.78 

Biceps caput longum proximal part 9.21 ± 0.78 

Brachioradialis 10.23 ± 0.58 

Biceps caput breve 10.98 ± 1.02 
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Figure 13: Relative muscle length for selected muscles from the late-cocking phase until ball release averaged over six pitches from 

four subjects. MER: maximum external rotation. 
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4.4 DISCUSSION 
Muscle length and velocity were calculated for all muscles 

during the pitching motion to be able to compare these values 

to the force-velocity and the active force-length relationship, 

using red colors to mark muscles that are limited by one or both 

of these relationships to produce force. The teres minor, triceps 

(all three heads), infraspinatus, anconeus and serratus anterior 

fall into this category. Based on this, they are expected to have 

little active contribution to the accelerations of bones they 

attach to in the acceleration phase.  

For elastic energy to be released and to significantly 

contribute to segment accelerations, a so-called ‘stretch effect’, 

it would be required that there is high shortening of muscles 

from the late-cocking to the acceleration phase. The muscles 

with shortening of > 0.1 were described in Table 13. However, 

elastic energy storage can only occur for stretched muscles. As 

the anconeus, triceps caput laterale, deltoideus pars scapularis 

and supraspinatus are below optimum length at maximum 

external rotation, no elastic energy can be stored. Triceps caput 

longum, triceps caput mediale and serratus anterior are 

stretched at maximum external rotation, so elastic energy could 

be stored and released for these muscles. The lengthening 

before shortening of the triceps is illustrated in Figure 13b. 

There is active lengthening before concentric contraction, since 

Jobe et al. (1984) found the activation as a percentage of 

maximum voluntary contraction of the triceps in the cocking 

and the acceleration phase to be 92% and 212% respectively. 

This was 88% and 55% respectively for the pectoralis major. 

However, Figure 13 shows little length change for the pectoralis 

major. Combining these findings leads to the conclusion that 

there is significant concentric contraction of the pectoralis 

major during the late-cocking and acceleration phase. This 

might be used to form a rigid connection between the thorax 

and the humerus, in order to be able to transfer energy from the 

thorax to the humerus. The rotator cuff muscles do not show a 

stretch effect (Figure 13c). 

The results presented in this study should be interpreted 

carefully. As stated before, the angles for the scapula relative to 

the thorax were estimated by using the initial orientation of the 

scapula relative to the clavicle of the DSEM and assuming that 

the scapula was fixed during the motion. The sensitivity for the 

scapula angles is very high in the models, meaning that the 

rotation of the scapula has large influence on the moment arms 

and length of attaching muscles (Happee and Van der Helm, 

1995, Charlton and Johnson, 2006). The muscles that will be 

affected by this are the muscles that attach to the scapula, like 

the trapezius and serratus anterior. Preferably, this research 

should be repeated with input kinematics with measured 

scapula angles instead of using an estimation using the initial 

orientation of the scapula relative to the clavicle of the DSEM 

and assuming that the scapula was fixed with respect to the 

clavicle during the motion. 

Another factor to be considered is the fact that pitchers have 

developed adapted anatomical properties, as mentioned earlier 

in Chapter 2. For the humerus, maximum external rotation is 

increased and maximum internal rotation is decreased (Brown 

et al., 1988, Ellenbecker et al., 2002), so pitchers may have a 

larger optimum muscle length or a shifted working range. This 

would indicate that the relative muscle lengths and relative 

muscle velocities might be overestimated. Despite these 

reservations, it is reasonable to assume that the results give an 

indication of the ranges of the values and of the profiles of both 

length and velocity. To eliminate the possible effect of the shift 

in range of motion, this research should be repeated with 

pitchers where this shift in range of motion is not present.  

Next steps after this research should be using a dynamic 

model to estimate muscle force and segment power during 

pitching. This will give more information on how the high 

accelerations in the pitching motion are achieved. This will 

require inclusion of the thorax angles, since the thorax plays a 

large role in force transfer during pitching.
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5 Summary 
A musculoskeletal model of the shoulder region, which uses 

kinematic data as an input an estimates muscle forces and joint 

loads as an output, can give valuable information on the 

pitching motion. This helps us to get more insight into the 

pitching motion and its biomechanical interactions and may 

also help in reducing the injury risk and increasing pitching 

velocity. Currently, there are three problems that impede proper 

simulations: 

1. the lack of proper kinematic recordings 

2. the fact that maximum force of the model could be too 

limited 

3. the extreme character of the motion. 

An experimental study was performed to create a dataset 

including upper limb kinematics and PCSA scaling factors to 

scale maximum force in the DSEM. An acromion cluster was 

used to track the scapula. PCSA scaling factors ranged from 

1.11 to 2.02. 

Following the experimental study, a case study was 

performed simulating this dataset in the DSEM. During 

simulation, the main problem arose in the optimization of the 

clavicle and scapula angles relative to the thorax, because the 

optimized angles contained large jumps, which are not realistic. 

This impeded proper simulation, because the jumps in muscle 

length caused both unsolved frames in the kinematics as well as 

in the dynamic model. Using a soft constraint instead of a hard 

constraint reduced these jumps and allowed for a complete 

solution in the kinematic model and an increase in the number 

of frames solved by the dynamic model. PCSA scaling also 

increased the number of frames solved by the dynamic model, 

however still unsolved frames were present, even after extreme 

scaling.  Because of a change in range of motion as reported 

for pitchers, optimum muscle length might be different. This 

has a large impact in the model. If this would be the case, 

scaling optimum muscle length is recommended. In addition, 

segment scaling used in combination with using the soft 

constraint is recommended to improve the match between input 

angles and optimized angles, while still being compatible to the 

model.  

To study the motion, the kinematic model of the DSEM was 

used to estimate muscle length and velocity for all muscles 

during the pitching motion. Comparing these values to the 

force-velocity and the active force-length relationship showed 

whether muscles were limited by one or both of these 

relationships to produce force. This was the case for the teres 

minor, triceps (all three heads), infraspinatus, anconeus and 

serratus anterior. The triceps showed a ‘stretch effect’, meaning 

shortening in the acceleration phase preceded by lengthening in 

the cocking phase. This means that there is a possibility for 

elastic energy to be stored for this muscle. 

Applying the recommendations of this thesis will hopefully 

enable the dynamic model to perform a complete simulation of 

all frames with valid solutions. When this is accomplished, the 

next step might be to estimate muscle force and power during 

the pitching motion with the DSEM.
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7 Appendices 
7.1 FINDING SCALING FACTORS 

This chapter describes how the maximum force of the 

subjects is obtained from the raw data. The data were filtered 

using a third order low-pass Butterworth filter with a cut-off 

frequency of 10 Hz. The raw force data, as shown in Figure 14 

didn’t have a unit. To convert the data to Newton, a calibration 

was performed. A weight of 5 kg was used to pull on the handle 

in three directions. The force that was applied was: 

𝐹 =  𝑚 ∗ 𝑔 = 5 ∗ 9.81 = 49.05𝑁 

The peak value in the output of the force sensor in the direction 

of where the force was applied was divided by the external force 

in Newton. This was done for all six directions, resulting in six 

factors. The data from the force sensors was converted to 

Newton by multiplying each factor with the corresponding 

scaling factor. 

To find the maximum force of the subject in each direction, 

the maximum and minimum value for each sensor was taken.  

 For the sensor in x-direction, the minimum and 

maximum corresponded to right and left, respectively. 

 For the sensor in y-direction, the minimum and 

maximum corresponded to down and up, respectively. 

 For the sensor in z-direction, the minimum and 

maximum corresponded to pull and push, respectively. 

The scaling factors, calculated from these maximum force 

values and the maximum force from the model, were 

implemented as follows: the anatomical data in the DSEM are 

stored in a so-called ‘DSP file’, that, besides from bony 

landmarks, ligaments, joint and segment definitions, stores the 

muscle definitions. These consist of geometric and muscle 

activation properties and the following muscle parameters: 

optimum fibre length, tendon length, pennation angle and 

PCSA. This file is called when running the model. The muscle 

parameters are then stored in a structure. The PCSA of the 139 

muscle elements that make up the 30 muscles range from 0.16 

to 5.10 cm2. The muscle parameters from the DSP file are 

loaded at the beginning of simulation in DSEM. Among these 

muscle parameters that are loaded is a vector containing the 

PCSA values. Multiplying all elements in this vector by the 

scaling factor scales the PCSA of all muscles. 

  

 

 

 

 

 
Figure 14: Raw data of the three force sensors, x-axis are 

samples (200 Hz), calibration is required to label y-axis 
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7.2 PROCESSING MUSCLE LENGTH 
Muscle length relative to optimum length is a direct output 

of the simulations in DSEM; differentiation to a time vector 

directly results in the relative muscle velocity in muscle lengths 

per second. However, there are some instances where the 

muscle length makes a large jump for a few frames and then 

goes back (Figure 15a). This has big impact on the estimated 

muscle velocity (Figure 15b). This is clearly an artefact in the 

simulation and doesn’t represent actual muscle function. The 

decision has been made to design an algorithm that removes 

these jumps in the muscle lengths and to interpolate these 

values.  

To find jumps, absolute differences between subsequent 

values are calculated for the muscle lengths. Since jumps 

always occur in pairs (jump up then down, or the other way 

around), the frames of the jumps and the frames in-between are 

identified, their values removed and interpolated. The result can 

be seen in Figure 15a. The muscle velocity is still obtained by 

differentiating muscle length and didn’t need further processing 

(Figure 15b).

 

 

 
Figure 15: Correcting for muscle length jumps 
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