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Theoretical background on motor control 
In daily life we make countless fast movements with a high level of accuracy. It is 
surprising we succeed to move accurately since our daily movements are subject to a large 
variety in external conditions. For instance when we want to grab our coffee cup to take a 
sip our starting position, the placement of the cup, and the weight of the cup vary each time 
we do this. Hence, the required joint torques differ as well. Does this mean that we 
accurately plan and control our movements? An accurate planning would require that 
detailed knowledge is available in the brain: knowledge of, for instance, the external 
conditions but also of the biomechanical characteristics of the musculoskeletal system. If 
we assume that movements are accurately planned, are they also accurately controlled? 
How does the brain generate descending control signals (motor commands) to the peripheral 
motor system (i.e. the musculoskeletal system including the spinal reflex circuitry) that will 
lead to a movement as planned? In addition, how are motor commands adapted if 
movement execution does not proceed as planned? These questions have puzzled movement 
scientists for many generations.  

The primary focus of this thesis is on the control of point-to-point arm movement. In 
order to address the issues concerning the control of movements one has to make an 
assumption on which aspects of the movements are being planned. In the introduction I will 
discuss the paradigms that arise when assuming that movements are planned based on joint 
angle trajectories and show the advantages of assuming that movements are planned based 
on endpoints. 
 
From trajectory control to endpoint control 
A classical assumption made by researchers in motor control is that movements are 
controlled by planning the joint angle trajectories and the corresponding net joint torques. 
Although this assumption seems obvious, it would imply that the brain solves complex 
problems in the process of converting a desired movement into motor commands. A desired 
movement has to be transformed into a kinematic plan in which joint angle trajectories are 
prescribed. For multi-joint movements, the redundancy in the number of the degrees of 
freedom implies that there is no unique solution, i.e. the inverse kinematic problem. Even if 
this inverse kinematic problem can be solved, other issues arise concerning the control of 
movement. First, how does one know the external load in order to calculate required net 
joint torques? One would have to assume that detailed knowledge of the environment is 
available in the brain. Second, considering the number of muscles acting across a single 
joint there is no unique solution if we want to convert net joint torques into muscle torques. 
How is this indeterminacy problem solved? Third, detailed knowledge of the peripheral 
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motor system is needed to calculate motor commands that prescribe muscle torques. For 
instance the moment arms of the muscles, which nonlinearly depend on joint angle (Murray, 
et al. 1995; Wood, et al. 1989), need to be known. Also the nonlinear activation dynamics 
and contraction dynamics of the muscle need to be known. Happee (1994) has demonstrated 
that muscle stimulation patterns can be calculated from net joint angles when using inverse 
dynamics models combined with forward dynamics models. In this line of reasoning it has 
been proposed that the brain uses inverse dynamics models combined with forward 
dynamics models to control movements (Wolpert and Ghahramani 2000). Is it realistic to 
assume that motor control would depend on processes that take such a high loan on 
intelligence? Furthermore, the issue concerning the knowledge of the external load still 
remains. 

To avoid the high loan on intelligence it has been suggested that the brain may not 
plan joint angle trajectories. Taking into account that muscles have elastic and damping 
properties its behavior can be compared to that of a mass-spring-damper system (Hogan 
1985; Mussa-Ivaldi, et al. 1985). Such a system will, when stable, always be driven to its 
equilibrium point regardless of its state or of any transient perturbation. When regarding 
movement control as controlling a mass-spring-damper system, motor commands may 
prescribe the equilibrium point (EP) of the peripheral motor system.   

 
Endpoint control or equilibrium point control 
The idea that the brain controls movement by setting equilibrium points is initially 
developed by Feldman (1966). This assumption drastically simplifies movement control. A 
kinematic plan contains the planned joint angles at the end of the desired movement 
(planned endpoint). Alternatively, the kinematic plan may contain several planned 
endpoints that divide the desired movement in one or more submovements. It is assumed 
that the brain can map the planned endpoint(s) directly to a set of motor commands that 
specify the equilibrium point(s) of the peripheral motor system. This implies that the brain 
sets the equilibrium joint angles: a set of joint angles for which in steady state (end of the 
movement) equilibrium is reached. I n equilibrium point theories, the brain plans and 
controls the movement endpoint(s) without detailed knowledge of the external conditions or 
the dynamical properties of the peripheral motor system. I will refer to this type of control 
as endpoint control.  

In endpoint control, it is assumed that motor commands specify the equilibrium 
point (EP). Several versions of endpoint control have been proposed: an α-version in which 
the EPs are open loop controlled by setting the α-motoneuron activity (Bizzi and Abend 
1983; Hogan 1984), a λ-version in which EPs are closed loop controlled by setting the state 
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of the spindle reflexes circuitry (Feldman 1986; Gribble, et al. 1998B) and a hybrid version 
(Kistemaker, et al. 2006). All these versions have in common that movement is imposed by 
shifting the EP from one set of equilibrium joint angles to another. As long as the actual 
joint angles are not as specified by the EP, the intrinsic viscoelastic properties of the 
muscles and the muscle spindle feedback will generate muscle force patterns and muscle 
stimulation patterns that drive the joints to their equilibrium joint angles. The specified 
equilibrium joint angles will be reached, unless external forces are present at the end of the 
movement. Such external forces, like for instance gravity, change the equilibrium joint 
angles. It should be noted that that there is no unique solution when mapping a planned 
endpoint to an EP. Multiple EP’s exist that prescribe the same equilibrium joint angles yet 
with different amounts of stiffness at the joints. Another point of attention is that movement 
is imposed without planning or controlling the joint angle trajectories. This means that, even 
when we assume that multiple EPs are set (EP-trajectory), the actual joint angle trajectories 
might deviate from the equilibrium joint angles prescribed in the EP-trajectory.  

 
Do we need to model the peripheral motor system more elaborate? 
The endpoint control is controversial among researchers of motor control. Its proponents 
like it because this type of control takes a low loan on intelligence. A mapping from 
planned endpoints to EPs can suffice. Yet, this theory was criticized by others based on 
experimental findings demonstrating low joint stiffness’ during movement (Bennett, et al. 
1992). With low stiffness’, the viscoelastic muscle properties would generate only low 
muscle forces unless actual joint angles show large deviations from the equilibrium joint 
angles. Therefore, the low joint stiffness’ that were found, lead to several arguments against 
endpoint control. For instance, when moving in the gravitational field, opponents of 
endpoint control assumed that gravitational torques would induce large static errors between 
the actual joint angles at the end of the movement and the equilibrium joint angles as set by 
the motor commands. A second argument against endpoint control was found in the control 
of fast movements. It was deduced that for fast movements, motor commands would need to 
specify N-shaped EP-trajectories that are first leading and then lagging the actual joint angle 
trajectories (Gomi and Kawato 1997; Latash and Gottlieb 1991). This meant that generating 
motor commands in terms of EPs no longer involved a simple mapping from planned 
movement endpoint to EP-trajectories. Therefore, the endpoint control lost its attractiveness 
for many researchers.  

Recently it has been shown that the methods that were used to reconstruct 
EP-trajectories from experimental data lacked validity (Kistemaker, et al. 2007a). When an 
elaborate description of the viscoelastic muscle properties is used in an endpoint controlled 
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musculoskeletal model, complex EP-trajectories are not required to simulate fast arm 
movements (Gribble, et al. 1998B; Kistemaker, et al. 2007a). Still, the concept of endpoint 
control is not generally accepted in the motor control community and new theories on motor 
control have been proposed (Izawa, et al. 2008; Nakano, et al. 1999; Todorov, et al. 2005) 
based on the concept of optimal control (Todorov 2007). These theories take a high loan on 
intelligence by assuming that detailed knowledge of the dynamics of the peripheral motor 
system is available in the brain and used to optimize a cost function. It is debatable whether 
this assumption is realistic, knowing that the peripheral motor system has nonlinear 
dynamics. Furthermore, it remains questionable whether this assumption has to be made 
since up till now endpoint control could not be falsified when models with an elaborate 
description of the peripheral motor system are used.  

 
Design of this thesis 
Aim and definitions 
Fig 1.1 shows a schematic overview of the sensorimotor system with the terminology as 
used in this thesis. My definition of the peripheral motor system includes the 
musculoskeletal system and the spinal reflex circuitry. I defined the motor commands as the 
descending control signals coming from the brain and affecting both the state of 
α-motoneurons and the state of spinal reflex circuitry. When the ongoing movement does 
not proceed as planned the brain can rely on the dynamical properties of the peripheral 
motor system: the intrinsic viscoelastic muscle properties and, at the level of spinal 
circuitry, the short latency feedback mechanisms. The latter affect the muscle stimulation 
patterns based on information coming from the proprioceptors in the peripheral motor 
system. At longer latencies, motor commands are adjusted based on information in various 
sensory modalities in the brain.  

Perturbing a point-to-point arm movement is a common methodology to test which 
aspect of the movement is controlled (Bock 1990; Kurtzer, et al. 2005; Lackner and DiZio 
1998; Lacquaniti, et al. 1982; Schmidt, et al. 1986; Shapiro, et al. 2009; Thoroughman and 
Shadmehr 1999). In the context of (dis)proving endpoint control, an unexpected change in 
moment of inertia of the lower arm is often used (Bizzi, et al. 1978; Gottlieb 2000; Gribble 
and Ostry 2000; Happee 1993; Latash 1994; Smeets, et al. 1990). If movements are 
controlled by one or more shifts in EP, the inertially perturbed movement would always 
come to the planned endpoint (equifinality) without the need to adapt motor commands 
during the movement. Of course, joint angle trajectories are always affected by the inertial 
perturbation. Previously published research has demonstrated that kinematic responses to an 
inertial perturbation can either be explained starting from the assumption that the brain 
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plans and controls endpoints (Jaric and Latash 2000) or starting from the assumption that 
the brain plans and controls joint angle trajectories and the corresponding net joint torques 
(Gottlieb 2000). I expect that perturbing the inertial load in point-to-point movements can 
be informative when focusing on the motor commands. In the case that the brain calculated 
required net joint torques to come from a planned joint angle trajectory to motor commands, 
one would expect that all available knowledge of the external load is used in the process of 
generating motor commands. In the case that the brain maps a planned endpoint to motor 
commands that specify an EP, detailed information on the external load is dispensable. 
Based on this assumption I can investigate whether knowledge of a small change in external 
load is used in the process of generating motor commands.  

As I focus on the motor commands the experiments described in this thesis were 
designed in such a way that participants neither had the time nor the information to adapt 
motor commands during the ongoing movement that I analyzed. This means that during the 
movement all corrections for movement errors induce by perturbations can be attributed to 
the dynamical properties of the peripheral motor system. When the movement is repeated, 
relevant errors made in the previous movement are used to adjust the motor commands for 

Figure 1.1: Schematic overview of the sensorimotor system showing the 
terminology as used in this thesis. Motor commands are defined as the 
descending control signal coming from brain and influencing both the state 
of the α-motoneurons and spinal reflex circuitry. 
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the present movement. These adjustments are expected to be found as changes in early 
muscle activation and as trial-by-trial changes in kinematics. 

In the present thesis I re-evaluate the hypothesis that the brain plans and controls 
endpoints. I investigated if detailed knowledge concerning the external load is used in the 
process of generating motor commands. If detailed knowledge is not used when generating 
motor commands controlling movements for external loads depends heavily on the 
dynamical properties of the peripheral motor system. In the literature on motor control, 
various models are used to describe these dynamical properties. Do the choices that 
investigators make to model the dynamics of the peripheral motor systems affect the 
conclusions they come to when interpreting their experimental data? 

 
Outline 
In Chapter 2, I perturb point-to-point arm movements with a small change in inertia of the 
lower arm. I investigate whether this small change in inertia of the lower arm was taken into 
account in the customization motor commands. For the most simplest form of endpoint 
control (only one EP is planned and controlled) I hypothesize that information on inertia is 
not taken into account in the process customizing motor commands for a relatively small 
change in inertia.  

In Chapter 3, I investigate whether knowledge of external torques is used in the 
process of generating motor commands. I reasoned that if the brain plans and controls joint 
angle trajectories it would benefit from having an internal model of gravity to predict the 
gravitational torques for a planned movement. This would provide a priori knowledge of the 
effects of gravity on the kinetics of a planned movement (gravitational effects). In the case 
that the brain plans and controls endpoints by setting the EP(s) of the peripheral motor 
system, anticipating the gravitational effects would require a remapping of planned 
endpoint(s) to EP(s). For this remapping it is likely that the brain uses a posteriori 
knowledge of gravity. Previously published research on arm movements in the gravitational 
field shows that movement kinematics are planned differently for movements made with 
gravity compared to movements made against gravity (Le Seac'h and McIntyre 2007). Yet 
these researchers do not distinguish whether a priori or a posteriori knowledge of 
gravitational effects is used. In the experiment in Chapter 3, I manipulated the gravitational 
effects for elbow flexions and extensions by rotating the participants together with the 
complete set-up from a supine position (in which movements are made either with or 
against gravity) to an upright position (in which movements are made in the horizontal 
plane). If the brain uses a priori knowledge of gravitational effects to customize motor 
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commands I would expect that the gravitational effects for the upright position are 
anticipated on the first trial. 

In Chapters 2 and 3, I focus on the generation of motor commands and the 
information available and used in this process. To confirm that the kinematic responses to 
the experimental perturbations are in line with the hypothesis that the brain plans and 
controls endpoints I needed a model to simulate the experimental manipulation. As endpoint 
control depends heavily on the dynamical properties of the peripheral motor system to 
generate the required muscle stimulation patterns and the joint torque patterns, I need a 
model with a realistic representation of these properties.  

In Chapter 4, I obtain missing information on the maximal isometric torque-angle 
relationship of the elbow extensors. This relationship is used to fine tune muscle parameters 
of a model of the peripheral motor system that has been developed by Kistemaker et al. 
(2006) and that will be used in Chapter 5. Not all researchers use such an elaborate model of 
the peripheral motor system. Does this influence their conclusions on motor control? 

In Chapter 5, I test several types of models as found in literature on motor control 
(Sainburg, et al. 1999; Scheidt, et al. 2005; Van der Burg, et al. 2005; Van Soest and 
Bobbert 1993). In these studies, researchers used models to make conclusion on motor 
control based on the kinematic responses to perturbations. The level of simplification that 
these researchers used to model the higher order dynamics of the peripheral motor system 
differed. This gives rise to the question how conclusions on motor control depend on the 
level of simplification used to model the dynamical properties of the peripheral motor 
system when interpreting data on perturbed movements. I simulate the responses to various 
perturbation types used in published research on motor control while the model’s input 
(motor commands) remains unadapted. I evaluate to what extent the model’s level of 
simplification determines its responses to the perturbations. I then see how the model’s 
responses affect conclusions on adaptations of motor commands (and involvement of the 
brain) when interpreting data on perturbed movements.  

In Chapter 6, I summarize all results presented in this thesis. For the perturbation 
experiments (Chapter 2 and 3) I will discuss whether detailed knowledge of external load 
was used when planning to move under changed external load conditions. Based on the 
simulated responses to perturbations in external load (Chapter 5) I will discuss to what 
extent movements can be controlled for perturbation by the peripheral motor system; thus to 
what extent detailed knowledge on external load is essential to plan and control movements. 
Based on the results presented in this thesis I can re-evaluate if the assumption that the brain 
plans and controls endpoints is likely. 
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Abstract 
For repeated point-to-point arm movements it is often assumed that motor commands are 
customized in a trial-to-trial manner, based on previous endpoint error. To test this 
assumption, we perturbed movement execution without affecting the endpoint error by a 
modest manipulation of inertia. Participants made point-to-point elbow flexion and extension 
movements in the horizontal plane, under the instruction to move as fast as possible from one 
target area to another. In selected trials the moment of inertia of the lower arm was increased 
or decreased by 25%. First, we found that an unexpected increase or decrease of inertia did 
not affect the open loop controlled part of the movement path (and thus endpoint error was 
not affected). Second, we found that when the increased or decreased inertia was presented 
repeatedly, after 5-11 trials motor commands were customized: the first 100 ms of agonistic 
muscle activity in the smoothed and rectified electromyographic signal of agonistic muscles 
was higher for the high inertia compared to the low inertia. We conclude that endpoint error 
is not the only parameter that is used to evaluate if motor commands lead to movements as 
planned. 
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Introduction  
In daily life, we perform our movements effectively under different task conditions (such as 
starting position, mass, etc.). If one knows all conditions in detail, one could generate motor 
commands that are perfectly suited for these conditions. In this paper the term motor 
commands refers to all supraspinal descending signals that affect the settings of spinal 
circuitry and alpha motoneuron activity. However not all relevant information on these task 
conditions is always available: for instance, we often do not know beforehand what the 
inertial load will be when we pick up an object. Therefore, motor control depends on the 
viscoelastic properties of the muscles (Van der Burg, et al. 2005; Van Soest and Bobbert 
1993) and on feedback mechanisms to adjust muscle stimulation when the ongoing 
movement does not proceed as planned. At the level of spinal circuitry, short latency 
feedback mechanisms based on proprioceptive information affect muscle stimulation (Bizzi, 
et al. 1992; Shapiro, et al. 2002; Smeets, et al. 1990); at longer latencies motor commands are 
adjusted based on information in various sensory modalities at the supraspinal level (Carlton 
1981; Jeannerod 1988; Jeannerod and Prablanc 1983; Todorov and Jordan 2002). When the 
movement is repeated, relevant errors made in the previous movement are used to adjust the 
motor commands (Adams 1971; Diedrichsen, et al. 2005; Thoroughman and Shadmehr 1999; 
Van Beers 2009). This way motor commands are customized for the specific task conditions 
of the movement.  

When investigating fast point-to-point movements it is often argued that the planning 
of these movements aims at reducing the endpoint error (Fine and Thoroughman 2007; Harris 
and Wolpert 1998; Wei and Koerding 2009; Woodworth 1899). Recently Van Beers (2009) 
developed a model for fast point-to-point movements that customizes motor commands based 
only on the error in the endpoint. In this study it was found that model-based predictions of 
trial-to-trial adjustments in endpoint error were comparable to empirical data on fast point-to-
point movements. The argument that endpoint error is used to customize motor commands is 
in line with theories that propose movements are controlled in a task-specific way leaving 
task irrelevant variability uncontrolled (Latash, et al. 2002; Todorov and Jordan 2002). These 
theories are elegant since they can explain how in repetitive movements task goals are 
achieved while the movements itself often shows high variability (Bernstein 1996; Todorov 
and Jordan 2002).  

Contrary to these ideas, other researchers have proposed that in fast point-to-point 
movements the complete movement trajectories are planned and controlled (Diedrichsen, et 
al. 2005; Guigon, et al. 2007; Nakano, et al. 1999). Researchers investigating hand path 
trajectories have found that hand paths are approximately straight and that linear velocity 
profiles are approximately symmetrical (Gordon, et al. 1994; Hogan 1984; Morasso 1981). 
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Additionally, symmetric angular velocity profiles were found in single joint point-to-point 
movements (Wiegner and Wierzbicka 1992). It has been proposed that these symmetrical 
velocity profiles are the consequence of minimizing changes in torque or jerk (Flash and 
Hogan 1985; Nakano, et al. 1999).  

We want to investigate if in point-to-point movements participants customize motor 
commands based only on the reduction of the endpoint error. We use a well-established 
experimental paradigm: manipulating moment of inertia in arm movements. It has been 
shown that this manipulation perturbed movement dynamics without affecting the endpoint 
error (Gottlieb 1994; 1996; Jaric, et al. 1999; Latash 1994; Smeets, et al. 1990). By using fast 
movements of short duration and by blocking vision of the arm, participants were neither 
given the time nor the information needed to adjust motor commands during movement 
execution. 

We will first check if a relatively small (25%) and unexpected increase or decrease in 
inertia affects movement execution while leaving endpoint error unaffected. If this is 
confirmed, we will investigate whether a small increase or decrease in inertia affects motor 
commands after participants have become familiarized to this inertia: in other words, after 
they have moved with this inertia in the immediately preceding movements. If participants 
minimize endpoint errors only, one would expect that motor commands are not customized 
over trials after an inertia change is applied. If participants control movement trajectories and 
not just the endpoint, we expect them to anticipate the higher muscle torques needed to bring 
the higher inertia to peak angular velocity at 50% movement duration. In that case, we expect 
the initial activity of the agonistic muscles to be higher for a high moment of inertia 
compared to a low moment of inertia. 
 
Method 
Participants 
Fourteen healthy subjects (8 male and 6 female) with a mean age of 32 years (range 
24-52 years), without physical complaints at the arm, shoulder, or neck participated in the 
experiment. The data from one participant were eliminated from the analyses because he 
consistently failed to end his movements within 300 ms. The local ethical committee 
approved the study. After receiving information about the experimental procedures, all 
participants signed an informed consent written in accordance with the declaration of 
Helsinki. 
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Equipment 
The participant was seated and fastened with safety belts in a seat that provided firm support 
of the trunk and scapula. The lower arm was placed in a manipulandum positioned at 
shoulder height, which fixated the thoracohumeral angle at approximately 45º adduction (in 
other words the length axis of the humerus making a 45º angle with the line connecting the 
shoulder joints). A stationary low-friction hinge aligned with the flexion/extension axis of the 
elbow only allowed elbow flexion and extension in a plane that was transversal relative to the 
trunk of the participant and that was parallel to the earth surface. The manipulandum fixated 
the wrist and metacarpal bones, leaving limited freedom for finger ab/adduction. Mean inertia 
of lower arm and the manipulandum together was 0.120 kgm2 relative to the elbow joint.  

Elbow angle was measured with a Spectrol 157 potentiometer (Vishay Electronic 
GmbH, Selb, Germany) installed in the rotational axis of the manipulandum. Angular 
acceleration at the elbow was measured with an ADXL321 accelerometer (Analog Devices, 
inc., Norwood, Massachusetts, United States) installed as a single axis accelerometer at a 
0.4 m distance from the rotation axis of the manipulandum. Electromyographic data was 
collected using a Porti sytem (TMS International BV, Enschede, The Netherlands). All data 
were collected at a sample frequency of 1000 Hz and synchronized with a pulse signal 
generated simultaneously with an audio signal that informed the participant to start a new 
movement. 
 
EMG 
Four pairs of surface electrodes were placed at a center-to-center inter-electrode distance of 
2 cm on biceps brachii, brachioradialis, and triceps brachii (lateral head & long head) 
according to the procedure described on the website of the SENIAM project 
(http://www.seniam.org/). The EMG data were filtered bidirectionally with a high-pass filter 
(Butterworth, cut-off 5 Hz) to remove possible movement artifacts, rectified, and then filtered 
bidirectionally with a low-pass filter (Butterworth, cut-off 50 Hz). The resulting smoothed 
and rectified EMG (srEMG) was normalized with respect to the maximum average srEMG 
over a 0.5s interval measured during maximal isometric voluntary contraction. To reduce the 
number of variables the normalized srEMG signals of biceps and brachioradialis were 
averaged (srEMG flexors), and so were the normalized srEMG signals of triceps caput 
longum and caput lateralis (srEMG extensors).  
 
Experimental design 
Participants performed fast elbow flexions and extensions from one target area to another. 
Targets were presented visually at elbow angles of 50° and 85° (with 0° indicating full elbow 
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extension) and had a target width of 4°. A wooden board blocked vision of the moving arm, 
but participants were given knowledge of results once they had reached a target area by 
means of a laser shining from the pointing finger to the target. The laser was only visible 
when participants were pointing in the direction of the target. This knowledge of results was 
given to prevent drift in the visuomotor calibration (Smeets, et al. 2006).  

By adding mass to the manipulandum (out of the participant’s view), three inertia 
conditions were created: one in which the subject moved only the lower arm and the 
manipulandum (0.120 kg m2 Low, L), one in which the inertia had been increased to 
0.165 kg m2 (Middle, M) and one in which it had been increased to 0.205 kg m2 (High, H). 
These changes correspond roughly to a 25% increase or decrease of the moment of inertia 
relative to the M condition.  
 
Experimental procedure 
The main measurement was performed in 3 blocks for elbow flexion and 3 blocks for elbow 
extension. For each movement direction two short blocks of 6 trials were given with either L 
inertia or H inertia and one long block of 60 trials was given.  In 80% of these 60 trials M 
inertia was used, in 10% L inertia, and in 10% H inertia. In 20% of these 60 trials participants 
were given the impression M inertia was changed when actually it was not.  

The order of movement directions (flexion before or after extension) was 
counterbalanced over participants. Within each movement direction the three blocks were 
offered in randomized order. Before starting a new block participants were allowed 5 trials to 
familiarize themselves with the movement and the inertia. Before the start of each trial 
participants were asked to point at the first target and wait for the auditory starting signal, 
then look at the second target and make a movement from the first to the second target area as 
fast as possible. All inertia changes were applied just before the starting signal. To prevent 
exploration of the load participants were not allowed to move the manipulandum before the 
start of a new trial. 
 
Data processing and statistics 
Both elbow flexions and extensions were performed in three blocks. Only trials that had a 
certain history were analysed. For the long block in which the participants were familiarized 
with M inertia, the L trials (ML) and H trials (MH) always followed after 3-5 M trials, and 
were all analysed. All M trials following the L trials or H trials were discarded. The 
remaining M trials were analysed (MM). In the remaining two blocks participants were 
familiarized with L or H inertia: we analysed the L trials following 5 or more L trials (LL) 
and the H trials following 5 or more H trials (HH). In the ML, MM and MH conditions the L, 
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M and H inertia was supposedly moved under identical motor commands since participants 
had no way of knowing the inertia and no time to adjust during the movement. These 
conditions were used to establish how the small inertia changes affect movement kinematics. 
The LL and HH conditions were used to investigate if motor commands are customized for 
small inertia changes. We realize that after eleven trials participants may not have fully 
customized their motor commands. Yet eleven trials are sufficient to see if motor commands 
are customized for the inertia while endpoint error remained unaffected which is the aim of 
our research. 

Movement onset was defined as the first sample after the auditory cue was given in 
which angular acceleration exceeded 15% of the peak acceleration. For each participant we 
determined the elbow angles corresponding to pointing at the targets by averaging over all 
trials in the same movement direction, the elbow angle just before movement onset. This 
elbow angle was calculated by taking the mean angle over a time period of 50 ms after the 
auditory starting signal was given. This target-elbow angle calibration was used to determine 
the initial overshoot of the movement. To see how inertia changes affect endpoint error and 
movement trajectories, several kinematic parameters were calculated. The reversal point of 
the movement was defined as the instant after movement onset at which absolute angular 
velocity dropped below 5º/s. Oscillations or corrections (referred to as submovements) 
occurred in most trials after this reversal point. For our present purpose, it is more important 
that at this point in time the movement is still fully determined by open loop motor 
commands and feedback mechanisms on spinal and muscular level. If movement amplitude 
would fall short in the MH condition compared to the MM or ML condition due to the 
additional inertia we expected this to show at the reversal point as previously defined. We 
took the difference between the angle at the reversal point and the angle when participants 
pointed at the target area (overshoot or os) as a measure of how the open loop controlled part 
of the movement path is affected by inertia changes. If inertia changes have no effect on the 
open loop controlled movement path it is not likely that participants change their motor 
commands in order to reduce endpoint error. 

We also determined whether inertia changes affected the number of submovements 
after the reversal point, since some researchers propose that the energy cost of these 
submovements are taken into account in movement planning (Elliott, et al. 2004; Lyons, et al. 
2006; Oliveira, et al. 2005). Note that in this phase of the movement participants received 
feedback on their movement, allowing motor commands to be adjusted based on supraspinal 
feedback mechanisms. We determined the submovements by tracing the subsequent instances 
after movement onset at which absolute angular velocity dropped below 5º/s. We defined nsub 
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as the number of submovements from the reversal point to the point where the amplitude of 
the submovements dropped below 2º.  
Additionally, peak angular velocity (ωpeak) and time to peak angular velocity relative to the 
total movement time (tacc) were calculated. A tacc of 0.5 means that velocity profiles are 
symmetrical: duration of the acceleration phase is equal to duration of the deceleration phase. 
To quantify how movement kinematics changed with inertia the dependent variables os, nsub, 
ωpeak, and tacc were compared between the ML, MM and MH conditions with repeated 
measures ANOVAs and post-hoc t-tests, using  Bonferroni corrections.  

To see how inertia changes affected motor commands, the first 100 ms of the 
measured electromyographic activity (EMG) of the elbow flexors and extensors were 
compared between the LL and HH conditions. This part of the EMG is considered to 
originate from open loop motor commands since it has been shown to be unaffected by 
unexpected blocking or perturbing the movement (Shapiro, et al. 2004; Smeets, et al. 1990; 
Wadman, et al. 1979). For every participant the normalized srEMG data for all trials within 
one condition were aligned based on movement onset and averaged to one curve for elbow 
flexors and one curve for elbow extensors.  

Aligning the srEMG signals based on movement onset might introduce a confounder; 
movements performed in the low inertia condition might reach the acceleration threshold for 
detection of movement onset earlier after the start of the first agonistic muscle activity than 
movements performed in the high inertia condition. We anticipated this by using an 
acceleration threshold relative to the peak acceleration; indeed, compared to a fixed 
threshold, movement onset was detected on average 2.5 ms later for L loads and 2.5 ms 
earlier for H loads. We confirmed that alignment of srEMG signals based on movement onset 
resulted in properly aligned EMG traces. This was achieved by calculating the time shifts of 
HH relative to LL that resulted in optimal alignment.  Only for 5 out of the 26 cases (13 for 
elbow flexions and 13 for elbow extensions), a small shift varying between -7 ms and +3 ms 
improved alignment. So our method does not introduce artefacts. 

The srEMG curves for agonistic muscles were compared between HH and LL 
conditions by time-integrating the difference signal HH-LL from -50 till 25 ms relative to 
movement onset (we will refer to this as “early srEMG”). This time interval is well within the 
range of the first 100 ms of the agonistic muscle activity for which literature (Shapiro, et al. 
2004; Smeets, et al. 1990; Wadman, et al. 1979) suggests that muscle activity is determined 
by open loop motor commands. This resulted in one number per participant, which is positive 
if agonistic srEMG was higher in the HH than the LL condition (Fig. 2.3, grey area’s). Since 
we hypothesized that we would find a positive time-integral between the HH and LL signal 
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we used an one-tailed paired-sample t-test (α = 0.05) to test whether the predicted effect was 
present in the data. 
 
Results 
As an example, we show the kinematic and electromyographic data for the flexion trials 
recorded in participant 12 (Fig. 2.1). Figure 2.1A shows the mean data measured when 
moving with an L or H inertia conditions after the participant had familiarized himself with 
M inertia (ML or MH). These conditions were used to see how movement kinematics were 
affected by the modest change in inertia. Figure 2.1B shows the mean data measured under L 
inertia or H after participants had been familiarized with this inertia (LL or HH). These 
conditions were used to see if agonistic early srEMG (grey areas in Fig. 2.3 and Fig. 2.4) was 
affected by the modest change in inertia. 
 
How do small inertia changes affect movement kinematics? 
To answer this question, we study the difference between the various conditions in which the 
subjects were familiarized with the M load. Figure 2.2A (black symbols) shows that os did 

60

80

100

0

200

400

0 100 200

.5

0

.5

time in ms
0 100 200

time in ms

el
bo

w
 a

ng
le

 (°
)

an
gu

la
r v

el
. (

°/
s)

sr
EM

G
 n

or
m

.
fle

xo
rs

ex
te

ns
or

s

LL
HH

ML
MH

BA
Figure 2.1: Example of 
kinematic data and normalized 
srEMG for the elbow flexors, 
summed over biceps and 
brachioradialis, and normali-
zed srEMG for the elbow 
extensors, summed over 
triceps caput longum and 
caput laterale. Data are 
averaged over the six trials 
within each condition. (A) L 
inertia or H inertia was given 
after participant had familiari-
zed himself with M inertia. (B) 
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given after participant had 
familiarized himself with this 
inertia. Grey areas indicate 
the time periods of the early 
srEMG, which is assumed to 
be based on open loop motor 
commands.  Vertical lines 
indicated the reversal point of 
the movement. Mean data of 
participant 12 are shown.
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not differ between the ML, MM and MH conditions (test results and p-values are given in 
Table 2.1). This means that for a 25% decrease or increase in inertia the motor system was 
still successful in reaching the target. The fact that os was positive means that irrespective of 
the condition, subject’s first stop was beyond the target area. A closer look at the data 
(Fig. 2.2A and Table 2.1) revealed a significant increase in the number of submovements nsub 
for the ML condition and a decrease for the MH condition. This means that the movement 
after the reversal point was affected by the inertia changes. Not surprisingly, peak angular 
velocity ωpeak was affected by inertia changes: ωpeak was higher for the ML condition and 
lower for the MH condition. Also the relative time to peak velocity tacc was affected by inertia 
changes: tacc was higher for the ML condition and lower for the MH condition. This means 
that the inertia changes affected the symmetry of the velocity profiles. 
 
 
Table 2.1: Results of the repeated measures ANOVAs (rANOVAs) on the data of the block of 
trials in which the middle load was expected. First line indicates the dependent variables. 
The third and fourth line show the significant difference expressed as a percentage of the 
values found in MM condition (with standard deviation between brackets). The ML, MM and 
MH conditions were compared. Post-hoc tests comparing ML and MH with MM were done 
by means of a paired t-test. The value for α was set at 0.025 (Bonferroni correction). 
 

 os nsub ωpeak tacc 
 flexion extension flexion extension flexion extension flexion extension

(ML-MM)/MM*100% -- -- 52(56) 48(37) 16(6) 13(8) 12(6) 15(8) 
(MH-MM)/MM*100

% -- -- -14(16) -13(20) -11(4) -16(4) -7(4) -8(5) 

rANOVA         
F2,24 0.779 0.633 17.918 26.055 106.2 106.590 99.031 86.623 

p 0.470 0.539 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Post-hoc         
ML-MM         

t12 - - 3.340 5.844 9.007 5.613 8.416 8.219 
p - - 0.012 <0.001 0.001 <0.001 <0.001 <0.001 

MH-MM         
t12 - - -3.070 -2.566 -8.900 -16.816 -6.000 -5.843 
p - - 0.020 0.025 <0.001 <0.001 <0.001 <0.001 

 
 
How does familiarization with modest inertia changes affect motor commands? 
Figure 2.3 shows the agonistic srEMG measured during elbow flexions for the LL and HH 
conditions for all thirteen participants. A clear pattern is present in the early srEMG time 
window (grey area Fig. 2.3 and Fig. 2.4A): agonistic srEMG is significantly (t12 = 2.24, 
p = 0.004) higher in the HH condition than in the LL condition. A similar difference was 
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found in the extension data (t12 =1.95, p = 0.037) shown in Fig. 2.4B. This means that when 
participants are given the opportunity to familiarize themselves with the changed inertia the 
initial neural input to the muscles is changed. Considering that the initial srEMG cannot 
contain reflex contributions, this implies that motor commands were customized to the 
expected inertia. 
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Figure 2.2: Parameters describing movement kinematics are shown. A) Black symbols 
indicate the conditions in which participants were familiarized with a middle (M) 
inertia and were given a low (L), middle (M) or high (H) inertia (ML, MM and MH 
conditions). Grey symbols indicate the conditions in which a low (L) or high (H) inertia 
was given after familiarization with the same load. Mean values over all thirteen 
participants (squares) and the standard error of the mean (error bars) are shown. 
Significant differences between the ML and MM conditions and between the MH and 
MM conditions are marked with *. B) Mean difference in kinematics and the 95% 
confidential interval (error bars) between the conditions in which participants were 
familiarized with the L or H inertia (LL and HH) compared to when they were familiar-
ized with the M inertia (ML and MH).
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How does customization of motor commands affect movement kinematics? 
To answer this question, we compare how familiarization with modest inertia changes  
influences movements executed under the same inertia. In Figure 2.2A (grey symbols) the  
kinematic parameters are shown for the LL and HH conditions, the ones in which participants 
were familiarized with the L or H inertia. Since we found that motor commands were 
customized for the LL or HH conditions, comparing kinematic parameters of these conditions 
with the ML and MH conditions where L or H inertia was given unexpectedly, informs on the 
behavioral consequences of customizing the motor commands. In Figure 2.2B the mean 
difference between the LL and ML and the HH and MH conditions and the 95% confidence 
interval are shown for all kinematic parameters. The parameters that showed a relevant 
difference between the ML and LL, and the MH and HH conditions can be identified in this 
figure as the 95% confidence interval of the mean difference not including zero. One would 
 expect parameters relevant to the motor control system to change towards more favorable 
values in the conditions in which motor commands are customized (LL and HH) compared to 
the conditions in which motor commands are not customized (ML and MH). None of the 
kinematic parameters used shows such changes for all four experimental conditions: elbow 
flexions under low and high inertia and elbow extensions under low and high inertia. 

The os showed an increase for all four experimental conditions (Fig. 2.2B), indicating 
that the overshoot was larger when motor commands were customized. An additional 
repeated measures 2 (customized/ uncustomized) x 2(flexion/extension) x 2(L/ H inertia) 
ANOVA showed a main effect on customization (F1,12 = 15.81, p = 0.002) indicating this 
increase to be statistically significant. This subscribes our finding that motor commands are 
customized in the LL and HH conditions. Figure 2.2B also shows that for high inertia 
conditions the ωpeak values and the tacc values (kinematic parameters that are affected by the 
inertia changes) are restored towards values found in the baseline condition (MM) when 
motor commands are customized. The low inertia condition did not show such restorations.  
 
Discussion and conclusions 
First, we established that under relatively small inertia changes one set of motor commands 
can successfully bring the lower arm to the target area yet with changed movement  
kinematics: at lower inertia, the relative duration of the acceleration phase is shorter, 
movement speed is higher and the number of submovements is higher. Secondly, our data 
show that after participants have become familiarized with a small inertia change, motor 
commands are customized to this inertia. We conclude that the adjustments of motor 
commands are not just aimed at minimizing endpoint error but involve more aspects of how 
movement is executed (e.g. movement trajectories, number of submovements)  



Chapter two 
 

- 28 - 

Limitations 
We found that despite the fact that we repeatedly urged each participant to move as fast as 
possible, not all participants were able to finish the task within 250 ms and only a few 
participants could do so for the condition in which high inertia was imposed. This means that 
in the condition in which a high inertia was given after a medium inertia most participants 
probably had sufficient time to adjust their motor commands during the movement based on 
supraspinal feedback loops. Yet during the movement only proprioceptive information on 
position was available. It is unlikely that this information was used to adjust motor 
commands because we designed the task in such a way that information on initial posture, 
target location and task performance was all provided visually. Therefore, vision was the only 
reliable information source on which to base motor commands (Pipereit, et al. 2006; Sober 
and Sabes 2005). Since visual information about the arm was not available until the arm 
reached the target area we assume that motor commands were not adjusted before the reversal 
point in the movement. 
 
Did a modest change in inertia affect endpoint error? 
We found that when moving under equivalent motor commands, the inertia changes did not 
affect the endpoint error. Yet, the number of submovements was affected in a way that seems 
to show a trade-off with movement speed: lower inertia leads to higher movement speed and 
more submovements before coming to a standstill, whereas higher inertia leads to the 
opposite.  

We found evidence in our data that participants did not always move as fast as they 
could in all conditions. Early srEMG of the agonistic muscles was higher in the condition in 
which participants were familiarized with a high inertia (HH) than the condition in which 
participants were familiarized with a low inertia (LL). If the early srEMG in the HH 
condition can be set at a higher level one would expect that the srEMG in the LL condition 
might have been set higher as well, which would have led to a higher movement speed in this 
condition. If we assume that participants had to make a trade-off in our experimental task 
between moving as fast as possible and stopping the movement in a minimal number of 
submovements within the target area, we can conclude that the inertia changes had an effect 
on this trade-off (between -16% and 52%, see Table 2.1). This means that motor commands 
need to be customized for the specific inertia in order to rebalance this trade-off. 
 
Are motor commands optimized to reduce endpoint error? 
Early agonistic srEMG showed an increase for the condition in which participants were 
familiarized with a high inertia (HH) compared to the condition in which they were 
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familiarized with a low inertia (LL). Our participants customize their motor commands to 
small inertia changes even when the endpoint error is not affected by these inertia changes. 
Furthermore, we found that after familiarization to the new inertia over maximally 11 trials 
the overshoot increased (Fig. 2.2B). We acknowledge that after 11 trials motor commands 
might not yet be optimal and that when given enough trials the motor control system might 
have further customized motor commands and reduce overshoot back to previous values. Yet 
within the first 5-11 trials motor commands were customized. This is inconsistent with 
previous published ideas that the humans customize motor commands purely based on 
endpoint error (Van Beers 2009). We conclude that humans control point-to-point 
movements based on other kinematical parameters than just endpoint error.  
 For the high inertia, it can be argued that participants adjust their motor commands (as 
reflected in early srEMG) in an attempt to restore the loss of peak angular velocity to values 
found in the baseline condition (MM). For the low inertia, a similar argument cannot be 
made. We have two explanations for the fact that none of the kinematic parameters showed a 
consistent pattern over all experimental conditions. First, our participants may have used 
several criteria to evaluate if motor commands lead to movements as planned. For instance 
trying to keep movement speed maximal, while trying to keep movement effort in homing-in 
phase minimal by minimizing the number of submovements. Second, complete customization 
to the changed inertia may not have occurred after eleven trials. Data presented in previously 
published research on learning to move with new movement dynamics indeed indicates that 
motor commands still continue to adjust after 11 trials (Cothros, et al. 2006; Papaxanthis, et 
al. 2005; Thoroughman and Shadmehr 1999).  

For future research on control of point-to-point arm movements we suggest to further 
investigate what criteria humans use to customize motor commands by using experimental 
paradigms that change movement kinematics without affecting the endpoint error. 
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 Abstract 
In this study, we aim to investigate if motor commands, emanating from movement planning, 
are customized to movement orientation relative to gravity from the first trial on. Participants 
made fast point-to-point elbow flexions and extensions in the transverse plane. We compared 
movements that had been practiced in reclined orientation either against or with gravity with 
the same movement relative to the body axis made in the upright orientation (neutral 
compared to gravity). For each movement type five rotations from reclined to upright 
orientation were made. For each rotation, we analyzed the first trial in upright orientation and 
the directly preceding trial in reclined orientation. Additionally, we analyzed the last five 
trials of a 30-trial block in upright position and compared these trials with the first trials in 
upright orientation. 

Although participants moved fast, gravitational torques were substantial. The change 
in body orientation affected movement planning: we found a decrease in peak angular 
velocity and a decrease in amplitude for the first trials made in the upright orientation, 
regardless of whether the previous movements in reclined orientation were made against or 
with gravity. We found that these decreases disappeared after participants familiarized 
themselves with moving in upright position in a 30-trial block. These results indicate that 
participants used a general strategy, corresponding to the strategy observed in situations with 
unreliable or limited information on external conditions. From this we conclude that during 
movement planning a priori knowledge of gravity was not used to specifically customize 
motor commands for the neutral gravity condition.
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Introduction  
In our daily life we plan and make our movements in the constant presence of acceleration 
due to gravity. Gravity provides us with sensory information regarding our body orientation 
in the world (Carriot, et al. 2008; Ebenholt 1970). However, it also interferes with the 
kinetics of our movements, because the gravitational torques that work on a body depend on 
the orientation of that body relative to gravity. This means that although the gravitational 
acceleration is constant, its effects on movement kinetics (gravitational effects) are not. Do 
we use the information with regard to our body orientation relative to gravity to predict these 
gravitational effects? 

It has been shown by studying imagined movements that we know how gravity affects 
our movement execution (Papaxanthis, et al. 2002). And although we have knowledge of the 
gravitational direction (Ebenholt 1970), it has been shown by Bringoux et al. (2004) that 
accuracy of this knowledge varied among tasks and was least accurate when the task implied 
making an arm movement. We aim to investigate whether a priori knowledge of gravitational 
effects is used to plan elbow movements. If it is, we would expect motor commands and 
movement kinematics to show that humans anticipate the gravitational effects. We use the 
term motor commands for all descending control signals coming from the supraspinal 
nervous system; those not only affect the states of alpha motoneuron activity but also 
influence the state of spinal reflex circuitry. Note that according to this definition, intrinsic 
viscoelastic muscle properties and muscle spindle feedback can (partly) compensate for a 
lack of correct anticipation of gravitational effects. 
  It has been shown that motor commands and kinematics vary with direction relative to 
gravity: movements made against gravity show an early phasic antagonistic muscle activity 
that is not present in movements made with gravity (Virji-Babul, et al. 1994). Movements 
made against gravity show a smaller time to peak angular velocity compared to movements 
made with gravity (Gentili, et al. 2007; Papaxanthis, et al. 1998). It has been argued that this 
difference in relative time-to-peak velocity for upward and downward movement is planned 
by the motor control system as this difference continues to exist (and only slowly disappears 
with practice) in a 0g environment (Papaxanthis et al. 2005: Fig. 3.5 upper right panel). These 
ideas were confirmed by Le Seac’h and McIntyre (2007) who found that the smaller time to 
peak velocity for movements made against gravity compared to movements made with 
gravity remained when identical movements with respect to body axis are made in different 
body orientations relative to gravity. This substantiates that this difference in time to peak 
angular velocity arises from a different movement planning linked to the direction relative to 
gravity and not from biomechanical constraint linked to the direction relative to body axis.  
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The fact that the gravitational effects on a certain movement are anticipated after the 
same movement has been repeated several times does not imply that the brain can predict 
these gravitational effects when planning a first movement in a new gravity condition. It has 
been shown in force field experiments (Gribble and Ostry 2000; Kistemaker, et al. 2010; 
Kurtzer, et al. 2005; Thoroughman and Shadmehr 1999) that on a trial-to-trial basis motor 
commands are customized to deal with external torques of various nature. This means we 
have to distinguish whether humans customize motor commands to gravity as they do for any 
external torque disturbance or if they can predict how gravity will affect movement kinetics. 
Such a prediction would provide a priori knowledge of the gravitational effects and enable 
motor commands emanating from movement planning to be customized to gravity from the 
first trial on.  

In order to study how participants take into account a priori knowledge of gravity 
when performing arm movements, a set-up was built in which the participants could be 
placed either in an upright orientation or in a reclined orientation. This allowed us to measure 
point-to-point elbow rotations that were identical with respect to the body axis, but occurred 
in different planes relative to gravity. The focus of this study will be on the first trials made in 
a new plane relative to gravity.  

For these first trials in a new plane of movement we can formulate three possible 
outcomes, each based on a possible strategy for the use of a priori knowledge of the 
gravitational effects to customize motor commands. First, if participants do not use any a 
priori knowledge of the gravitational effects to customize motor commands to the new plane 
of movement (no customization strategy), kinematics will change in a way that can only be 
attributed to the manipulation of the gravitational effects. As it has been shown that motor 
commands are customized to the gravitational effects (Crevecoeur, et al. 2009; Papaxanthis, 
et al. 2005) we expect the kinematic changes found for the first trial in the new plane of 
movement to subside if successive trials in this plane are made. 

As a second possible strategy we would like to propose an aspecific customization of 
motor commands: a decrease in peak angular velocity and a decrease in amplitude 
independent of the manipulation of gravitational effects. We formulated the predictions for 
this strategy based on the findings that when confronted with uncertain external conditions 
participants tend to decrease movement speed and undershoot the target (Elliott, et al. 2004; 
Hansen, et al. 2003). During our experiment participants are fully aware that they are placed 
in a different body orientation and will realize that the external conditions had changed. If 
they use this knowledge without knowing how the gravitational effects are influenced by the 
change in plane of movement they might customize motor commands in an aspecific way by 
moving more carefully.  
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Furthermore, as motor commands are not specifically customized for the gravitational 
effects if an aspecific customization strategy is used, kinematics will also change as if 
no customization of motor commands occurs. And just as in the outcome predicted for the 
no customization strategy, the kinematic changes we find for the first trial in the new plane of 
movement should subside if successive trials in this plane are made. 

As a third possible strategy, a priori knowledge of the gravitational effects is used to 
specifically customize motor commands to the gravitational effects (specific customization 
strategy) from the first trial on. In this case, contrary to the effects predicted for the first two 
strategies, any change in kinematics that we find for the first trial in the new plane of 
movement compared to the preceding trials will persist if successive trials in this plane are 
made.  
 
Method 
Participants 
Twelve healthy participants (5 male and 7 female) with a mean age of 30 years (range 
24-53 years) and without physical complaints at the shoulder, neck or arm participated in the 
experiment. Participant were included in the experiment when they succeeded in performing 
the experimental task both accurately (landing on a 4° target area) and fast (at least 330°/s) 
after at least 70 trials. One participant did not succeed and was excluded from the experiment. 
The local ethical committee approved the study. After receiving information about the 
experimental procedures, all participants signed an informed consent written in accordance 
with the declaration of Helsinki. 
 
Equipment 
Elbow angle was measured with a Spectrol 157 potentiometer (Vishay Electronic GmbH, 
Selb, Germany) installed in the rotational axis of a manipulandum. Angular acceleration at 
the elbow was derived from an ADXL321 accelerometer (Analog Devices, inc., Norwood, 
Massachusetts, United States) installed as a single axis accelerometer at 0.4 m distance from 
the rotation axis of the manipulandum. All data were collected at a sample frequency of 
1000 Hz and synchronized with a pulse signal generated simultaneously with an audio signal 
that informed the participant to start a new movement. 
 
Experimental set-up 
The participant was seated and fastened with safety belts in a seat that provided firm support 
of the trunk and scapula. The right lower arm was placed in a manipulandum positioned at 
shoulder height, which fixated the thoracohumeral angle at approximately 45º adduction. 
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A stationary low-friction hinge aligned with the flexion/extension axis of the elbow only 
allowed elbow flexion and extension in the transversal plane of the participant. In upright 
orientation elbow rotations were performed in the horizontal plane (neutral gravity). The 
complete setup could be tilted backwards by 70º (reclined orientation). In this orientation 
elbow rotations were performed in a nearly vertical plane, either against or with gravity 
(Fig. 3.1). For the remainder of this article we will refer to this orientation as ‘moving in the 
vertical plane’. The additional mass of the manipulandum placed the position of the center of 
mass of lower arm and manipulandum together (CoM) laterally of the lower arm; the mean 
(SD) angular deviation between the longitudinal axis of the lower arm and the line between 
the CoM and the axis of the low-friction hinge was 14(4)° (see Appendix A). Mean (SD) 
inertia (of the lower arm and the manipulandum together) relative to the elbow joint was 
0.111(0.009) kg m2 (see Appendix B).  

Participants performed fast elbow rotations from one target to another. Three visual 
targets, with a width of 4° and a center-to-center distance of 35°, were present with the 
middle target chosen such that when pointing at this target in a reclined orientation the 
gravitational torque working on the centre of mass of lower arm and manipulandum together 
was close to zero. By this choice of targets elbow flexions and elbow extensions made in the 
vertical plane were either made against gravity or with gravity with a total of four movement 
types (Fig. 3.1): 2 anatomical directions x 2 gravitational directions. When placed in upright 
orientation elbow rotations that were identical with respect to the body axis were made in the 
horizontal plane of movement. 

 When moving in the vertical plane, the lower arm of the participants was supported 
while they were waiting for the starting signal. This was done to postpone muscle fatigue and 
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Figure 3.1: The four 
movement types that 
were used as experi-
mental task. Move-
ments are defined 
based on their body 
related movement 
direction and direc-
tion relative to 
gravity when moving 
in vertical plane 
(reclined orientation).
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to provide a similar muscle state at the beginning of each trial regardless of whether the 
movement to be made was in the vertical or horizontal plane. This justified the assumption of 
similar motor commands in our no customization strategy. Additionally, the arm support 
accommodated anti-gravitational torques before the start of each trial. This means that 
proprioceptive information on gravitational load (which we regard as a posteriori knowledge) 
was not available. For making movements against gravity the net muscle torque first had to 
compensate for the gravitational torques before acceleration occurred. For each movement 
type participants practiced for at least 70 trials before measurements started. This gave them 
ample opportunity to learn gravitational load and to customize motor commands. 

A wooden board blocked vision of the moving arm. Once participants had finished the 
movement they were given knowledge of results by means of a laser shining from the 
longitudinal axis of the lower arm to the target. This knowledge of results was given to 
prevent drift in the visuomotor calibration (Smeets, et al. 2006). 

In addition, participants were given feedback on their movement speed by an auditory 
signal; they were told “Come on!” if they had moved with a peak angular velocity that fell 
below a pre-set threshold. This threshold was set for each participant separately 
(mean(SD): 370(22 )°/s) in the first practice block but was never set below 330º/s. The 
threshold was set such that participants had to make an effort to be fast enough and were still 
successful in the majority of trials. 

 
Experimental procedure 
A short pretest was done to calculate the position of the centre of mass of the lower arm and 
manipulandum together (see Appendix A). Additionally, a quick-release experiment was 
done to calculate moment of inertia of the lower arm and manipulandum together (see 
Appendix B). The parameters derived from these measurements were used to calculate the 
gravitational torques and the net muscular torques from the angular position and angular 
acceleration data (see Appendix A and Appendix B). Before starting the main measurements, 
a five-second measurement was done to obtain the elbow angle when participants pointed 
accurately at the center of the target. This target-elbow angle calibration was used to 
determine how well movements ended on the target.  

Since moving in an upright orientation is common in daily life situations we assume 
that an internal model of gravity should be well adapted to this body orientation. This was 
taken into account in the experimental design. Participants first practiced in the less common 
reclined orientation (vertical plane of movement) after which they were placed in upright 
orientation (horizontal plane of movement). We analyzed the first trial in the horizontal plane 
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of movement to see if motor commands were customized to the gravitational effects that were 
different from the preceding trials (but otherwise very common). 

The four movement types (Fig. 3.1) were performed in four separate blocks. The 
order in which blocks were presented was counterbalanced. Before starting a new block 
participants practiced 70 trials in the vertical plane to familiarize themselves with the 
gravitational effects, the additional mass of the manipulandum and the resulting shift of the 
position of the centre of mass. It has been shown that on average participants need between 
64 and 128 trials to fully customize motor commands to cope with external forces 
(Thoroughman and Shadmehr 1999). In the interest of keeping total duration of the 
measurements within three hours for each participant we choose a practice block of 70 trials. 
After the practice block, the measurements started. Five trials in the vertical plane were 
followed by one trial in the horizontal plane. This was repeated five times, followed directly 
by 29 trials in horizontal plane during which participants could customize motor commands 
to moving in the horizontal plane. For an overview of the trials see Fig. 3.2. To prevent 
exploration of gravity before starting the first trial in horizontal plane, participants were 
instructed to keep their arm at the starting position when the set-up was tilted upwards and 
wait for the signal to start a new movement. Before the start of each trial participants were 
asked to point at the target indicated as starting point and wait for the auditory starting signal, 
subsequently look at the target indicated as the goal of the movement and make a single 
movement from the starting target to the goal target as fast as possible.  
 
Data processing and statistics 
The position signal was filtered bidirectionally with a second order Butterworth filter (cut-off 
30 Hz) and differentiated to obtain a velocity signal. The peak angular velocity (ωpeak) was 

single trial - vertical plane

single trial - horizontal plane

start of measurement

1 70 1 30

Fig. 3.2: Schematic representation of the timeline of the trials. After a practice session 
of 70 trials in the vertical plane (reclined position), the measurement started (see 
vertical dashed line). Five trials of moving in the vertical plane were alternated with 
one trial in the horizontal plane (upright position). After the fifth alteration the one 
trial in horizontal plane was followed by an additional 29 trials.
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calculated as a measure of movement velocity. The point where the movement came to a 
standstill was defined as the first instant after reaching peak angular velocity at which 
absolute angular velocity dropped below 5º/s and stayed below 5°/s for at least 100 ms. We 
took the difference between the elbow angle at standstill and the elbow angle when pointing 
at the centre of the target (Δθ, overshoot) as a measure of how participants had planned to 
end their first movement based on open loop motor commands. Although participants had 
enough time to adjust motor commands during the movement our experimental task was 
designed not to provide direct information on task performance before movement came to a 
standstill. Because information on initial posture, target location and end position of the 
movement was all provided visually we may assume that supraspinal feedback to adapt motor 
commands based on movement error was primarily based on visual information (Pipereit, et 
al. 2006; Sober and Sabes 2003). Since visual information was not available until the end of 
the movement we assume that motor commands were not changed during an ongoing 
movement. In addition to the kinematic parameters Δθ and ωpeak we also calculated the 
relative time to peak angular velocity using the methodology as described by Crevecoeur et 
al. (2009). We will used this measure to describe how our experimental results relate to 
previous published research. 

For each participant and each movement type (Fig. 3.1) five switches from the 
vertical to the horizontal plane were made. This results in five first trials in the horizontal 
plane that we analyzed (condition HPunadapt). Kinematic parameters of these five HPunadapt 
trials were compared with those of the trials directly preceding them in the vertical plane 
(condition VPadapt). In addition, the last five trials (condition HPadapt) from the final 30-trial 
block in the horizontal plane were analyzed and compared with trials in HPunadapt condition.  

 The kinematic parameters Δθ and ωpeak were averaged over the five trials obtained for 
each of the three conditions (VPadapt, HPunadapt and HPadapt) and each of the four movement 
types. A 2(anatomical direction) x 2(gravitational direction) x 3(condition) repeated measures 
ANOVA was done for both variables to identify which of the three possible strategies as 
stated in the introduction could be rejected by our data. According to the no customization 
strategy the change in orientation will affect Δθ and ωpeak and this effect will depend on the 
gravitational effects encountered in the preceding trials. If in the preceding trials the 
movements had been made against gravity, we expect movement velocity to increase and the 
movement endpoint to fall beyond the target position. If in the preceding trials movements 
had been made with gravity we expect movement velocity to decrease and movement 
endpoint to fall before target position. This means that we will accept the no customization 
strategy if a repeated measures ANOVA will show an interaction effect of (gravitational 
direction) x (condition) indicating that Δθ and ωpeak  decreased if in preceding trials 
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movement were made with gravity and Δθ and ωpeak increased if in preceding trials movement 
were made against gravity. Since we predict that this effect would show for the first trial in 
horizontal plane and subside when successive trials in the horizontal plane are made we used 
planned contrasts to see if this interaction effect was significant for the HPunadapt compared to 
the VPadapt and the HPadapt.  

If the aspecific customization strategy is used (participants simply move more 
careful), the first trial in horizontal plane will show a decrease in the movement speed and a 
decrease in overshoot compared to movements made in vertical plane no matter whether the 
preceding movements in vertical plane were made against or with gravity. We will accept this 
aspecific customization strategy if our repeated measures ANOVA will show a main effect of 
condition indicating that ωpeak and Δθ decreased for the first trial in the horizontal plane. 
Since we predict this decrease to subside if successive trials in the horizontal plane are made 
we again used planned contrasts to see if the main effect is significant for the HPunadapt 
compared to the VPadapt and the HPadapt. We expect for this strategy that motor commands are 
not specifically customized to the gravitational effects in the horizontal plane from the first 
trial on. Therefore, in addition to the previously mentioned main effect, we might also find 
that for the first trial in the horizontal plane kinematics are affected differently when in 
preceding trials movements were made with gravity compared to when in preceding trial 
movements were made against gravity. This will result in the same interaction effect as 
predicted for the no customization strategy. 

We will accept the specific customization strategy if we find either no main effect on 
condition in our repeated measures ANOVA or a main effect on condition with planned 
contrasts indicating a difference for HPunadapt compared to VPadapt but not for HPadapt 
compared to HPunadapt.  
 
Results 
Figure 3.3 shows results of elbow flexions in VPadapt, HPunadapt and HPadapt conditions. As can 
be seen in the bottom plot, the gravitational torques were substantial compared to the net 
muscular torques. The maximal gravitational torques during movement were approximately 
19% of the maximal net muscular torque. For the VPadapt condition we found a mean (inter-
subject standard error of the mean) relative time to peak angular velocity of 0.54(0.01) for 
movements made against gravity and 0.49(0.01) for movements with gravity. This difference 
between movements made with gravity compared to movements made against gravity 
remained 5% when identical movements relative to body axis were made in the horizontal 
plane (HPadapt ): 0.52(0.01) and 0.47(0.01) consecutively. 

Figure 3.4 shows the mean values for Δθ and ωpeak over all participants for movements 
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made in the VPadapt, HPunadapt and HPadapt conditions. Results of the 2(anatomical direction) x 
2(gravitational direction) x 3(condition) repeated measures ANOVA are shown in Table 3.1. 
We found a significant main effect on anatomical direction for ωpeak indicating that overall 
elbow extensions had a lower ωpeak than elbow flexions. This difference was only present in 
the movements made with gravity and not in movements made against gravity indicated by a  
significant interaction effect (anatomical direction) x (gravitational direction) for ωpeak. We 
also found a significant main effect on gravitational direction for Δθ. As clearly shown in 
Fig. 3.4, Δθ was smaller for movements made with gravity than for movement made against 
gravity.  

The main effect on condition and the interaction effect (gravitational direction) x 
(condition) are relevant to identify which customization strategy was used. If one of these 
two effects was significant a planned contrast was done (see Table 3.2). We found that for 
these two effects there was no difference for elbow flexions and extensions (Table 3.1: no 
interaction effect (anatomical direction) x (condition) and no interaction effect (anatomical 
direction) x (gravitational direction) x (condition). This justifies that in Fig. 3.4 we simplified 
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our data by averaging the elbow flexions en elbow extensions for the movements made with 
gravity and for the movements made against gravity.  

We reject the no customization strategy because we found no interaction effect of 
(gravitational direction) x (condition) for ωpeak. Had participants ignored gravity altogether, 
one would expect peak angular velocity and overshoot in the horizontal plane to increase 
when in preceding trials the movements were made against gravity and decrease when in 
preceding trials movements were made with gravity. Instead, we observed that that these 
parameters decreased regardless of the previous movement direction. This means that 
participants changed motor commands. We also reject the specific customization strategy 
because we found a main effect on condition with HPadapt differing from HPunadapt.  
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Figure 3.4: The kinematic parameters peak angular velocity (ωpeak) and overshoot 
(Δθ) averaged over all twelve participants. The error bars indicate the intersubject 
standard error of the mean. The data for elbow flexions and extensions were averaged 
resulting in one set of (open grey) symbols for movements made with gravity and one 
set of (filled black) symbols for movements made against gravity. Significant differen-
ces between conditions as found in the planned contrasts are indicated with *. Both in 
movements made against and in movements made with gravity, peak angular velocity 
and overshoot decreased for the first trial made in horizontal plane (HPunadapt) 
compared to the preceding trials made in the vertical plane (VPadapt) and the follo-
wing trials in de horizontal plane (HPadapt). The gray bar indicates the target area.
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Table 3.1: Results from the 2(anatomical direction) x 2(gravitational 
direction) x 3(condition) repeated measures ANOVA for Δθ and ωpeak. 
The effects indicated with # are relevant to indentify which 
customization strategy was used. For these effects planned contrasts 
were done if they showed to be significant (Table  3.2). 
 

 ωpeak Δθ 
main effects   

 (anatomical direction) F2,11 =5.258,  
p=0.043 

-- 

 (gravitational direction) -- F2,11 =14.746,  
p=0.003 

 #(condition) F2,11 =8.471,  
p=0.002 

F2,11 =38.696,  
p<<0.001 

   
interaction effects   

(anatomical direction) x (gravitational 
direction) 

F1,22 =13.108, 
p=0.004 

-- 

 #(gravitational direction) x (condition)  -- F1,22 =9.735, 
p=0.001 

 (anatomical direction) x (condition) -- -- 
(anatomical direction) x (gravitational 
direction) x (condition) 

-- -- 

 

 

 

Table 3.2: Planned contrast for the main effect on condition and the 
significant interaction effects (gravitational direction) x (condition). 
The first trials in the horizontal plane (HPunadapt) was compared to the 
preceding trials in the vertical plane (VPadapt) and the last trials in the 
horizontal plane (HPadapt) was compared to the first trials in the 
horizontal plane (HPunadapt) are shown. 
 

  ωpeak Δθ 
 main effects (condition) 
HPunadapt - VPadapt    F1,11 =17.785, 

p=0.001 
F11,11 =53.122, 

p<<0.001 
HPadapt - HPunadapt    F1,11 =6.964, 

p=0.023 
F1,11 =52.362, 

p<<0.001 
  

interaction effects  
(gravitational direction) x (condition) 
HPunadapt - VPadapt   -- F1,11 =13.503, 

p=0.004 

HPadapt - HPunadapt   -- F1,11 =13.898, 
p=0.003 
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Thus, participants customized their motor commands on a trial-to-trial basis when successive 
trials in the horizontal plane were made. For the main effect on condition we also found that 
HPunadapt differed from VPadapt. In summary, we found a decrease in ωpeak and Δθ when 
participants moved in the horizontal plane for the first time and an increase in ωpeak and Δθ 
when successive trials in the horizontal plane were made (Fig. 3.4). These results indicate 
that the data are in line with the predictions made for aspecific customization strategy of 
motor commands.  

Additionally we found a significant interaction effect (gravitational direction) x 
(condition) for Δθ: the decrease in Δθ for HPunadapt compared to VPadapt and HPadapt was 
stronger when preceding movements were made with gravity compared to when preceding 
movements were made against gravity (Fig. 3.4). This indicates that the effects we found for 
the first trial in the horizontal plane depended on the gravitational effects encountered in the 
preceding trials and that as participants planned to undershoot the target, motor commands 
were not specifically customized to the new gravitational effects.  

We found a substantial difference in movement parameters between HPunadapt and 
HPadapt. In order to determine how fast the movements adapt to the changed gravity condition, 
we plotted the trial-by-trial adaptation for the final 30-trial block in the horizontal plane 
(Fig. 3.5). The last five trials of this block constitute the HPadapt condition; the first trial of this 
block is (together with the first trial of the short blocks) the HPunadap condition. This figure 
clearly shows that the adaptation to the horizontal plane occurs for a large extent immediately 
after the first trial, and can be regarded as one-trial learning.  

Figure 3.5: The trial by trial adaptation of the peak angular velocity (ωpeak) and the 
overshoot (Δθ) as a function of trial number after the switch to the horizontal plane. 
The mean over all twelve participants are shown and the error bars indicate the stan-
dard error of the mean.
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Discussion and conclusions 
We compared fast and accurate point-to-point elbow rotations that had been practiced in the 
vertical plane with identical movements with respect to body axis made in the horizontal 
plane. For the first trials in the horizontal plane movement kinematics changed:  both peak 
angular velocity and the overshoot reduced regardless of whether the previous movements 
were made against or with gravity. These results contradict the no customization strategy. We 
furthermore found that the decrease in both the peak angular velocity and the overshoot 
disappeared after participants familiarized themselves with moving in the horizontal plane. 
These results contradict the specific customization strategy. We conclude that for the first trial 
a new plane of movement relative to gravity an aspecific customization strategy is used, 
suggesting that a priori knowledge of the gravitational effects either is limited or unreliable. 
 
Is a priori knowledge of the gravitational effects specific? 
For each participant and each movement five switches were made from moving in the vertical 
plane to moving in the horizontal plane. We analyzed all first trials after this switch as if 
participants were still naïve to moving in the horizontal plane. Apparently they were, 
otherwise we would not have found that aspecific customization of motor commands takes 
place in the first trial.  

We found that for the first trial in a new plane of movement relative to gravity motor 
commands were aspecifically customized: participants planned to move slower and to reduce 
overshoot when confronted with a new plane of movement. This conservative strategy has 
been reported in experiments in which participants were asked to move both fast and 
accurately and were confronted with external conditions for which information was limited 
(Elliott, et al. 2004; Hansen, et al. 2003). If participants used this conservative strategy 
because a priori knowledge of the gravitational effects for the new plane of movement was 
limited we expect kinematics to show that motor commands are not yet specifically 
customized to the gravitational effects for the horizontal plane and anticipate the gravitational 
effects encountered in the preceding trials in the vertical plane. In line with this reasoning we 
found a significantly stronger decrease of overshoot for the first trial in the horizontal plane 
after following movements made with gravity compared to movements made against gravity 
(the grey lines are steeper than the black lines in Figure 3.4B).  

We can quantify the effects predicted in the previous paragraph. In the movements 
made with gravity we can estimate the gravitational torque at the planned endpoint is 
approximately 2.3 Nm (Eq A1). When moving in the vertical plane motor commands need to 
result in a net joint torque that exactly compensates this gravitational torque in the planned 
endpoint. If on the first trial in horizontal plane motor commands are not specifically 
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customized movement will not end at the target but fall short. Based on experimentally 
obtained values for elbow stiffness we can estimate by how much participants would fall 
short. At a static elbow stiffness of 38 Nm/rad (Mussa-Ivaldi et al. 1985, Table 3.1: mean 
value over all postures) we predict that movement would fall short by 2.3/38 rad or 3.5º. We 
found that overshoot decreased by 3.0º for the first trial in the horizontal plane compared to 
the last trial in the vertical plane, which is nicely in line with the prediction. We conclude that 
for the first trial in the horizontal plane motor commands were still set to oppose a 
gravitational torque at the endpoint as encountered when moving in the vertical plan. 

We may assume that knowledge of the body orientation relative to gravity was 
available to the participants (Bringoux, et al. 2004; Ebenholt 1970), based on interoception 
(for instance the vestibular system), vision and contact forces between the chair and the body 
(Carriot, et al. 2008; Lackner and DiZio 2000). Since we find that participants used an 
aspecific customization strategy, we may conclude that participants were indeed aware that 
external conditions had changed when switching from moving in the vertical plane to moving 
in the horizontal plane. Our results show that this knowledge was not used for a specific 
customization of motor commands. This suggests that participants did not have specific a 
priori knowledge of gravitational effects but only realized that orientation relative to gravity 
changed. 

Previous published research on movement planning and gravity shows a difference in 
planned movement kinematics with respect to movement direction relative to gravity. 
Movements made against gravity are planned with a smaller relative time to peak velocity 
than movements made with gravity (Papaxanthis et al.,2005; Le Séac'h et al., 2007). The 
movements in the present study do not show this difference. The small difference in relative 
time to peak angular velocity we found for moving with compared to moving against gravity 
was opposite compared to previous studies (Papaxanthis et al., 2005) but the same difference 
was also present without gravity (when moving in the horizontal plane). We attribute the lack 
of effect on time to peak angular velocity in our experiment to the fact that our participants 
were asked to move as fast as possible. As the duration of acceleration and deceleration 
periods were already minimal, participants had no room to shift the relative time to peak 
velocity without compromising the task performance of moving maximally fast.  

We deliberately used maximally fast movements to be able to investigate how 
movements are planned when only a priori (and no on-line) knowledge of gravitational effect 
is available. This is a completely different approach compared to previous published research 
in which a posteriori knowledge of the gravitational effects was available from previous trials 
or from proprioceptive information by holding the arm in the starting position without an arm 
support (Crevecoeur, et al. 2009; Gentili, et al. 2007; Le Seac'h and McIntyre 2007; 
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Papaxanthis, et al. 2005; Virji-Babul, et al. 1994, etc.). With this innovative approach we 
show that for the first trial in a new plane of movement when only a priori knowledge of the 
gravitational effects is available the planning of elbow movement was dominated by a 
conservative strategy leading to an aspecific customization of motor commands. This strategy 
is directly abandoned when a posteriori knowledge of the gravitational effects is available: 
from the second trial on motor commands are specifically customized to the gravitational 
effects (Fig. 3.5) and overshoot is restored to values (Fig. 3.4) similar to those found when 
movements were made in the vertical plane. Such a fast correction of endpoint error might 
seem surprising, but one-trial learning combined with systematic but small fluctuations after 
the second trial (Fig. 3.5) seems very much in line with the theory of optimal feedback 
control (Scott 2004; Todorov and Jordan 2002). 

With the methodology used in the present study we found that a priori knowledge of 
gravitational effects is used to aspecifically customize motor commands when planning 
elbow rotations. This reduces the contribution of an a priori internal model of gravity to take 
into account body orientation when planning elbow movements. For future research we 
suggest that the use of a priori knowledge of gravitational effects is investigated in other 
movements. This will contribute to the general ideas on how the brain predicts the 
gravitational effects on a planned movement.  

 
Appendix A 
Since the set-up only allowed elbow flexion and extension in the transverse plane we will 
describe all equations of motion in the 2 degrees-of-freedom of this plane of motion. The 

orientation of the plane of motion with respect to gravity can be described by reclinedϕ  
(Fig. 3.5A). For all participants reclinedϕ was either 0º or 70º.  

The gravitational torques relative to the rotational axis of the low-friction hinge (R) 
encountered during the movement were derived from the elbow angle data using equation: 

 

cos( ) sin( )grav CoM reclinedT g m d ϕ ϕ= i i i i  (3.1) 

 

in which g ra vT is the gravitational torque, g the acceleration due to gravity, m the mass of the 

lower arm and manipulandum together, d the distance from the center of mass of lower arm 

and manipulandum together (CoM) to R and CoMϕ the angle between the line connecting R 

and CoM and the line r (Fig. 3.5B).  
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Within the plane of movement CoMϕ  can be expressed in terms of the elbow angle (

elbϕ ), which was measured during the experiments, and the shoulder angle ( shϕ ), which was 

fixed at 30°, and a constant CoMϕΔ  (Fig. 3.6B): 

 

eCoM CoMsh lbϕ ϕ ϕ ϕ= + + Δ  (3.2)  

 

The parameters m di and CoMϕΔ were estimated for each participant separately as described 

in the following paragraph. 
 First the lower arm and manipulandum together were attached to a KAP-E (2000N) 
force transducer (AST Mess & Regeltechnik, Dresden, Germany) at a 0.3 m distance of the 
rotation axis R and the set-up was placed in the 70º reclined orientation. The participant was 
instructed to relax the arm and shoulder muscles. In a short static measurement we 
determined the elbow angle and gravitational torque relative to R. This measurement was 
repeated at various elbow angles to obtain at least three calibration points for the equation:  
 

sin( )grav CoMsh elbT a bϕ ϕ ϕ+ + Δ= +i  (3.3) 

A

φCoMφsh

R

m
om

ent arm

Force
transducer

φelb

CoM

B

r

φreclined

Figure 3.6: The set-up used to estimate the position of the center of mass and the mass 
of lower arm and manipulandum together. A) The set-up was tilted backwards so that 
the plane of motion was nearly vertical. Orientation of the plane of motion relative to 
gravity can be described by . B) Top view in body-related coordinate system is shown. 
The lower arm and manipulandum (shown in black) are attached to a force transducer. 
Angle definitions are shown.
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The parameter CoMϕΔ was optimized by finding a least squared difference solution for a and 

b with the additional constrained to keep b minimal. The parameter m di was calculated from 
a with: 

sin( )reclined

am d
g ϕ

=i
i

 (3.4) 

 
Appendix B 

In order to calculate net muscular torques ( muscT ) from the acceleration data ( elbϕ ) and the 

gravitational torque data ( gravT ) with equation, 

 
 musc grav R elbT T J ϕ+ = i  (3.5) 

 

we estimated RJ , the moment of inertia of the lower arm and manipulandum together relative 

to the rotational axis of the low-friction hinge (R).  
 The experimental set-up was placed in a 0º reclined orientation (upright) with the 

longitudinal axis of the upper arm in line with thorax (Fig. 3.7). Participants were asked to 
keep their lower arm perpendicular to the upper arm as a 2.5 kg mass was attached to the 
manipulandum at a 0.25 m distance of R by means of a cord and pulley. Mass was released 
from the manipulandum by a quickly cutting the rope at a randomly chosen time between 0 
and 60 seconds after the start of the measurement. This quick release of the mass was done 
out of visual range of the participant to make sure that it came unexpectedly for him/her. For 

the initial peak in elbϕ after the quick release of the mass, we assume that R elbJ ϕ•  is equal to 

the net muscular elbow torque imposed by the mass before it was quickly released. 

R

m
om

ent arm

90°

25 N
Figure 3.7: Top view of the 
set-up used to estimate moment 
of inertia of lower arm and 
manipulandum (shown in black) 
together. The participant is 
asked to keep the elbow angle in 
90º while a force of 25 N is 
applied to the manipulandum by 
means of a rope. A quick-release 
measurement was initiated by 
unexpectedly cutting the rope. 
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 Abstract 
Maximal voluntary isometric torque-angle relationships of elbow extensors and flexors in the 
transverse plane (humerus elevation angle of 90°) were measured at two different horizontal 
adduction angles of the humerus compared to thorax: 20° and 45°. For both elbow flexors 
and extensors, the torque-angle relationship was insensitive to this 25° horizontal adduction 
of the humerus. The peak in torque-angle relationship of elbow extensors was found at 55° 
(0° is full extension). This is closer to full elbow extension than reported by researchers who 
investigated this relationship in the sagittal plane. Using actual elbow angles during 
contraction, as we did in this study, instead of angles set by the dynamometer, as others have 
done, can partly explain this difference.  

We also measured electromyographic activity of the biceps and triceps muscles with 
pairs of surface electrodes and found that electromyographic activity level of the agonistic 
muscles was correlated to measured net torque (elbow flexion torque: Pearson’s r=0.21 and 
extension torque: Pearson’s r=0.53). We conclude that the isometric torque-angle relationship 
of the elbow extensors found in this study provides a good representation of the force-length 
relationship and the moment arm-angle relationship of the elbow extensors, but angle 
dependency of neural input gives an overestimation of the steepness. 
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Introduction  
In studies of motor control, arm movements are typically made in the transverse plane, i.e. 
the subject holds the arm at shoulder height, approximately at 90° elevation of the humerus, 
and endorotated such that the lower arm moves in the horizontal plane (Gomi and Kawato 
1997; Gribble, et al. 2003; Kistemaker, et al. 2006; Nijhof and Gabriel 2006; Smeets, et al. 
1990). Working in this plane has the advantage that the effect of the gravitational force on the 
movement is eliminated. For simulation of this type of movement a model of the elbow joint 
and the muscles actuating it is needed, but an adequate description of isometric torque-angle 
curve of elbow extensors in the transverse plane is lacking in the present literature. 

Most studies investigating torque-angle relationships at the elbow use a set-up in the 
sagittal plane, i.e. the subject holds the upper arm beside the thorax, approximately at 0º 
elevation of the humerus, and endorotated such that the lower arm moves in the 
anterior-posterior plane (Elkins, et al. 1951; Osternig, et al. 1977; Singh and Karpovich 
1966). We suspect that torque-angle curves obtained in the sagittal plane are inappropriate for 
modeling arm movements in the transverse plane because an important elbow flexor (m. 
biceps brachii) and an important elbow extensor (m. triceps brachii) are biarticular; their 
length is not only determined by the elbow angle but also by the angle of the glenohumeral 
joint. Also, the pronation and supination angle of the lower arm affects the maximal isometric 
torque development at the elbow (Elkins, et al. 1951). A study that reports measurements of 
torque-angle relationships in the transverse plane and with the lower arm fixed in neutral 
position between pronation and supination is relevant because this corresponds to lower arm 
position in point-to-point movements used in studies of motor control.  

A common method to obtain isometric torque-angle relationships is to ask participants 
to produce a maximal amount of force repeatedly at different joint angles. When using these 
maximal voluntary contractions (MVC) it is not guaranteed that participants activated their 
muscles maximally and/or to the same extent at all elbow angles. For elbow flexion torque it 
has been shown that healthy participants are unable to fully activate the biceps but that 
muscle inhibition is small (2%)  (Dowling, et al. 1994) and not related to elbow angle within 
a range of 30°-120° (Brondino, et al. 2002). For elbow extension torque this has not yet been 
investigated.  Therefore, it seems relevant to measure electrical activity (EMG) of biceps and 
triceps when obtaining isometric torque-angle relationships of the elbow. This can indicate 
whether variations in neural input of the agonistic muscle contributed to the shape of the 
torque-angle curves as found in the present study. Based on the above mentioned research we 
expect this contribution to be small (<5%). Furthermore, we wanted to estimate based on the 
antagonistic muscle activity how much we underestimated maximal isometric torque of the 
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agonist by neglecting the contribution of the antagonistic muscle torque to the measured net 
joint torque. 

Another relevant issue that we wanted to address in this study is the level of detail 
needed in modeling the shoulder girdle, an assembly of joints between thorax, scapula, 
clavicula and humerus, when it comes to simulating arm movements in the transverse plane. 
Describing how the maximum in the torque-angle curves of elbow flexors and extensors 
depends on horizontal adduction angle of the humerus will provide information on this point. 
We expect that with horizontal adduction the biceps (short head) would shorten and triceps 
(long head) would lengthen, causing the maximum in the torque-angle curve of these muscles 
to shift towards a more extended elbow angle. This could cause a similar shift in the total 
torque-angle curve of elbow flexors and extensors. 

The purpose of this study is to gain more detailed knowledge of the isometric 
torque-angle relationships at the elbow. Maximal voluntary isometric torque of both elbow 
flexors and extensors was measured over a wide range of elbow angles and at two different 
prescribed horizontal adduction angles between thorax and humerus. The isometric 
torque-angle relationship of elbow extensors in the transverse plane was documented and its 
dependency on the horizontal adduction angle is investigated for both elbow extensors and 
flexors. We hypothesize that the maximum in the torque-angle curve of both elbow flexor 
and extensor will shift to more extended elbow angle with increasing horizontal adduction in 
the shoulder. With this study, we hope to contribute to the development and validation of 
musculoskeletal models of the elbow and shoulder to be used in simulating motor tasks that 
involve arm movements in the transverse plane.  
 
Methods 
Participants 
Eleven healthy subjects (6 male, 5 female) with a mean age of 32 years (range: 22-44 years) 
and without physical constraints at the neck, shoulder or arm at the time of the experiment 
volunteered. Participants varied in their professional activity and the sport they practiced in 
their leisure time. The local ethical committee approved the experiment. After receiving 
information about the experimental procedures, all participants signed an informed consent 
form.  
 
Experimental set-up 
Subjects were seated in the dynamometer and strapped tightly to the chair with safety belts to 
prevent trunk motion. The axis of rotation of the dynamometer arm was oriented vertically. 
The chair was adjusted so that the participant’s arm was at shoulder height when placed on 
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the dynamometer arm. For all participants the right arm was measured. The lower arm was 
fixed in neutral position in between pronation and supination. The length of the dynamometer 
arm was adjusted so that the rotation axis of the elbow (epicondylus medialis humeri) was in 
line with the rotation axis of the dynamometer arm.  

Due to deformation of soft tissue, the joint angles changed from the values prescribed 
by the protocol when going from inactive state to maximal voluntary contraction. For this 
reason, we determined joint angles in the transverse plane at the moment of maximal 
voluntary contraction from a photograph taken during each trial. Passive markers were placed 
on the wrist (midway between the processus styloideus of the radius and that of the ulna), on 
the epicondylus lateralis humeri and on the most lateral edge of the acromion to facilitate 
detection of bony landmarks at the photographs.  
Because the biarticular biceps and triceps originate at the scapula and not at the thorax, we 
also determined the angles in the transverse plane between thorax and scapula (φts), scapula 
and humerus (φsh) in addition to the angles between thorax and humerus (φth), and humerus 
and ulna (φelb). See Fig. 4.1 for definitions of relative angles. We chose to measure the 
orientation of the scapula with an antenna containing two markers on either side, placed on 
the lateral part of the acromion and aligned with the spina scapulae. Previous research has 
shown that using a skin-based sensor at the acromion allows for 3D-tracking of the 
movement of the scapular bone, provided that the humerus elevation angle remains below 
100° (Karduna, et al. 2001; Meskers, et al. 2007). We acknowledge that using a skin based 
acromion marker for 2D-tracking leads to additional projection error due to scapular 
medial-lateral rotation and anterior-posterior tilt.  

 

Figure 4.1: (A) Definitions 
of relative angles between 
thorax and scapula (φts ), 
scapula and humerus (φsh), 
thorax and humerus (φth) 
and ulna and humerus (φelb) 
as used in this study. Note 
that with these definitions 
the angle is zero when the 
joint is maximally extended. 
(B) The angle imposed by 
the dynamometer is defined 
as θelb.

φts

φshφth

calibrated 
as baseline 

A

B

φelb

θelb
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Equipment 
Joint torque at the elbow was obtained with a Biodex System 3 dynamometer (Biodex 
Medical Systems, inc., New York) at a sample frequency of 100 Hz. Electrical activity of 
biceps and triceps was collected using a Porti sytem (TMS International BV, Enschede, The 
Netherlands) operating at 2000 Hz. The static transverse-plane kinematics were captured with 
a photo camera (Nikon Coolpix 990: 3.34 megapixel) mounted overhead.  
 
EMG 
Two pairs of surface electrodes were placed, one pair on biceps brachii and one pair on the 
triceps brachii (lateral head) as described on the website of the SENIAM project 
(http://www.seniam.org/), at a center-to-center inter-electrode distance of 2 cm. 
Electromyograpic (EMG) data were filtered bidirectionally with a high-pass filter 
(Butterworth, cut-off 5 Hz) to remove possible movement artifacts, rectified, and then 
smoothed with a low-pass filter (effective time constant of 50 ms). The resulting smoothed 
and rectified EMG will be referred to as srEMG. 
 
Experimental procedure 
Maximal voluntarily isometric contractions were performed at ten different elbow angles as 
set by the dynamometer (for imposed elbow angles (θelb) see Table 4.1) and at two different 
horizontal adduction angles between thorax and humerus (θth): 20° and 45°. A horizontal 
adduction angle of 45° was the maximal angle that could be achieved within the set-up of the 
dynamometer. Participants were instructed to build up either a flexion or an extension torque 
to maximum within a 3-s period. For each θelb one pair of contractions was performed: 3-s of 
flexion and 3-s of extension, separated by a 10-s relaxation period. Participants were then 
given a 20-s break after which a new θelb was set and a new pair of contractions was  
 
 

Table 4.1: Elbow angles as imposed on the participants (θelb) compared to the mean 
(SEM) elbow angles as measured (φelb) during the maximum voluntary 
contractions.Angles are reported in degrees with 0° being full extension in the elbow. 
Data of TH20 was used.  
 

θelb 10 20 30 45 60 75 90 105 115 125 

φelb, flexion 32(3) 38(2) 42(2) 57(2) 69(2) 81(2) 94(2) 105(2) 113(2) 120(1) 

φelb, extension 20(2) 23(2) 31(2) 37(3) 49(3) 61(4) 78(4) 92(4) 105(5) 116(4) 
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performed. After a short practice of three contraction pairs, two series of ten contraction pairs 
(one contraction pair at each prescribed θelb) were performed. The two series differed in 
imposed horizontal adduction angle (θth) and will be referred to as TH20 and TH45. In 
between series, participants could relax as long as they needed. The two horizontal adduction 
angles, the ten elbow angles, and starting with either flexion or extension in the contraction 
pair were presented in random order. 
 
Data processing 
From each contraction, a maximal torque value (T) was obtained by finding the highest 
average over a 0.5-s interval. To be able to compare data among subjects, we normalized 
these torques values for their average over all twenty contractions performed in the same 
direction.  

The values for srEMG were calculated over the same 0.5-s intervals as used for 
averaging of the corresponding torque values. They were normalized in a similar way as the 
torque values: maximal biceps srEMG values were divided by their average over all twenty 
contractions of elbow flexion torque, and maximal triceps srEMG values by their average 
over all twenty contractions of elbow extension torque.  

Angles between body segments (φts, φsh, φth and φelb) during contractions were 
calculated using the photographs that were taken during the trials. The photographs were also 
used to check if the elbow rotation axis remained in line with the rotation axis of the 
dynamometer. We did not instruct participants to keep the elbow joint in place because we 
found it not desirable that participants would reduce their amount of force to follow this 
instruction. Instead, we estimated how much misalignment was allowed to keep relative error 
of the measured torque within 5% of the net torque around the elbow. For all contractions the 
misalignment remained within 5%-error margin. Details on the estimation of the relative 
error can be found in Appendix A. 

 
Statistics 
For each prescribed θelb we calculated mean and standard error of the mean (SEM) over all 
11 subjects for the normalized torque values, the normalized srEMG values and the measured 
elbow angles (φelb). This leads to four mean T-φelb curves and their corresponding 
srEMG-φelb curves for the biceps and triceps. We report SEM instead of standard deviations 
because this study is concerned with providing mean T-φelb curves and the SEM is illustrative 
in how precise the reported mean curves are.  

For every participant we modeled the T-φelb curves for the TH20 condition with a 
polynomial function (with φelb expressed in radians). We used the Akaike Information 
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Criterion (AIC) with correction for small sample size to match the data with a minimum of 
free parameters. For both elbow flexors and extensors AIC was minimal for a 3rd order 
polynomial:  

 
2 3

elb elb elbT a b c dϕ ϕ ϕ= + ⋅ + ⋅ + ⋅  (4.1) 

 

The values for the coefficients were averaged over the eleven participants and displayed as 
one set of mean  a, b, c and d values and their SEM to model the T-φelb relation of the elbow 
flexors and one set to model the T-φelb relation of the elbow extensors. 

Part of the variation found in the measured torque may be due to variation in muscle 
activation rather than variation in the elbow angle. To quantify the amount of variation in 
T-φelb curves due to angle dependent activation of the agonistic muscles we calculated 
Pearson’s correlation coefficients between agonistic srEMG and T using all trials of the same 
torque direction leading to one coefficient for elbow flexors and one coefficient for elbow 
extensors for the whole dataset.  

We wanted to establish if the T-φelb curves for the two horizontal adduction angles 
(TH20 and TH45) showed a shift as hypothesized. A MANCOVA was used with the elbow 
angle at which the curves reached their maximum (optimal elbow angle) as well as the 
corresponding maximal normalized torque as dependent variables and horizontal adduction 
angle as independent variable. Since it has been reported by Tsunoda, et al.(1993) that the 
optimal elbow angle is different between female and male participants, we included gender as 
covariate. 
 
Results 
As an example, the torque and srEMG data recorded during the contractions of the elbow 
flexors in TH20 are shown in Fig. 4.2. The figure shows that during each contraction, there 
was a relatively large amount of biceps activity compared to triceps activity. The figure also 
suggests that the srEMG values were not constant over the different φelb, which will be 
discussed later. 
 

Torque-angle curves of elbow flexors and extensors 
The mean T-φelb curves for TH20 are plotted in Fig. 4.3. These curves had their maximum at 
a φelb of 95° for elbow flexors and for extensors at φelb of 55° for elbow extensors. We 
modeled these data with a 3rd order polynomial function (see Eq. 1). Mean values for the 
coefficients a, b, c and d are given in Table 4.2 and the corresponding T-φelb curves are 
plotted in Fig. 4.3. For all participants the polynomial we found explained the major part of  
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Table 4.2: For every participant a third order polynomial function was fit on the 
torque-angle curves for the elbow flexors and extensors in the TH20 condition.  
Mean values (SEM) for the coefficients a, b, c and d are presented along with the 
mean explained variance (R2). Note that measured elbow angles were expressed in 
radians. 
 

 a b c d R2 

flexors 0.90 (0.19) -1.31 (0.58 ) 2.01 (0.50) -0.65 (0.13 ) 0.96(0.01) 

extensors -0.42 
(0.18) 4.27 (0.68) -3.35 

(0.67) 0.77 (0.19) 0.88(0.02) 
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Figure 4.2: Example trial of participant 9. (A) Data of one session of maximal volun-
tary isometric contractions of the elbow flexors. The data of the extension trials have 
been cut out. The time interval used to calculate the highest value per trial is marked 
with a block. (B) Smoothed and rectified EMG data (srEMG) of biceps and triceps. 
On the right side, a normalized y-axis is drawn for biceps and triceps separately. 
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the variance in the measured torque variance (R2 ≥0.8). Note that these relationships only 

provide a good prediction for the range of elbow angles measured in this experiment. 

Extrapolation to angles outside of the measurement range can lead to zero or negative torque 

prediction.  

 The maximal torque that was generated differed greatly among participants: the mean 
value (SEM) was 65(7) Nm for flexors and 58(8) Nm for extensors. For male participants we 
found a mean maximal torque of 85(6) Nm for flexors and 77(9) Nm for extensors, and for 
female participants we found values of 48(3) Nm for flexors and 36(2) Nm for extensors.  

In order to study the effect of changing the shoulder configuration we plotted the 
mean T-φelb curves for TH20 and TH45 in Fig. 4.3. The curves are very similar. A 
MANCOVA on both the maximal normalized torque and optimal elbow angle showed no 
significant difference between TH20 and TH45 (flexors: F1,19=0.057, p=0.814 and 
F1,19=0.766. p=0.392; extensors: F1,19=0.343, p=0.565 and F1,19=0.093, p=0.764). 
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Figure 4.3: Mean normalized torque (grey area: SEM) averaged over all 11 partici-
pants for each imposed elbow angle and plotted separately for horizontal adduction 
angles of 20° (TH20) and 45° (TH45) in the shoulder. Curves of TH20 and TH45 
show no difference in magnitude and position of the maximum value. Mean normal-
ization factor was 50 Nm for flexion and 41 Nm for extension. The T-φelb relationship 
of TH20 can be described with a third order polynomial function (dotted line). Coeffi-
cients of the polynomial function found for flexion torque and extension torque are 
presented in Table 2.2.
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Angles in shoulder girdle and elbow 
The realized mean φth (SEM) over all participants for the two conditions, TH20 and TH45, 
were 18(1)° and 44(2)° for elbow flexion, and 20(2)° and 46(2)° for elbow extension. 
Because the shoulder is an assembly of joints between thorax, scapula, clavicula and humerus 
we can divide φth into two anatomical joint: φts, between thorax and scapula, and φsh between 
scapula and humerus (Fig. 4.1). In Figure 4.4 these two angles, averaged over the eleven 
participants, are plotted against each other for each imposed elbow angle and for the two 
conditions (TH20 and TH45). In this figure we can see that the mean difference in φth 
between TH20 and TH45 (Δφth: 26(2)° and 26(3)° for elbow flexion and extension, 
respectively) was only partly reflected in a difference in φsh : 11(1)°. This means that the 
scapula partly moved along with the humerus and the change in φth was largely due to a 
change in φts, which is not spanned by biceps and triceps. Still the φsh in TH20 showed 
significantly different from φsh in TH45:  t18=-3.0, p=0.0075 and 9(1)° ,  t18=-6.2, p<0.001 for 
elbow flexion and extension, respectively.  
 
EMG 
Figure 4.5 shows the mean srEMG-φelb curves for all conditions. Antagonistic muscle 
activation measured during this experiment was low and not related to elbow angle. The 
mean (SEM) normalized antagonistic activity was 0.26(0.05) during flexion torque 
production and 0.14(0.04) during extension torque production (Fig. 4.5). Agonistic muscle 
activation, however, was systematically related to elbow angle in a similar way as the torque 
of the flexors and extensors. We found a low but significant correlation between srEMG and 
torque: for elbow flexors (Pearson’s r=0.21, p=0.004) and elbow extensors (Pearson’s r=0.53, 
p<0.001).  
 
Discussion 
The purpose of this study is to gain more detailed knowledge of the isometric torque-angle 
relationships at the elbow, to be used in studying the control of arm movements. Firstly, we 
found that the curve for elbow extension reaches a maximum at an elbow angle of 50°-60°. 
Secondly, we found no effect of changing the horizontal adduction angle on the torque-angle 
curve of elbow flexors and extensors. Below, we will first discuss which factors might have 
influenced the results. We will then compare our results on torque-angle curves with 
previously published data, and finally we will indicate how our results may justify a possible 
simplification in modeling the shoulder girdle for studies of arm movements in horizontal 
plane. 
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between scapula and 
humerus (φsh) as a function 
of mean angle between 
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for a horizontal adduction 
angles of 20° (TH20) and 
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TH20 and TH45 condition 
is only partly reflected in a 
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Figure 4.5: Mean normalized, smoothed and rectified EMG (error bars: SEM) aver-
aged over all 11 participants for each imposed elbow angle and plotted separately for 
a horizontal adduction angles of 20° (TH20) and 45° (TH45) in the shoulder. 
(B) A systematic relation between measured agonistic srEMG and elbow angle seems 
evident for elbow extension. 
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Factors that might have influenced the torque-angle curves of elbow flexors and extensors 
An important factor potentially influencing the shape of the curve is the neural input to the 
muscles.  In this study, we found that elbow torque correlated with measured agonistic 
muscle activity (see results, section EMG) with a Pearson’s r of 0.21 for elbow flexors and 
0.53 for elbow extensors. If we assume a linear srEMG-torque relationship this indicates that 
5% and 28% of the variation in respectively measured flexion and extension torque can be 
explained by the variation in agonistic srEMG. This means that the greater part of the 
variation found in the torque-angle relationship of the elbow flexors and extensors still 
provides a good representation of the force-length relationships and the moment arm-angle 
relationships of these muscles. We can illustrate this for the elbow extensors (Fig. 4.6) by 
separating our participants into two groups: a group of participants that showed a high 
correlation between agonistic srEMG and torque (group 1: r>0.53), and a group of 
participants that showed a low correlation (group 2). In group 1, the srEMG is constant over 
elbow angle and the corresponding torque-angle curve, although more flattened, still shows 
its optimum at the same elbow angle as that of group 2. This means that for evaluation of the 
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Figure 4.6:  For the TH20 condition, the datasets of the maximal voluntary contracti-
ons of the elbow extensors (also shown as thin lines in Figure 2.5B and Figure 2.3B) 
were divided in two groups. A group with datasets that showed a high correlation 
between agonistic srEMG en torque (group 1) and a group with datasets that showed a 
low correlation (group 2). In group 2, the mean srEMG angle curve is almost flat and 
the mean torque angle curve is flatter as that in group 1 but its maximum occurs at the 
same elbow angle.
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force-length relationship and moment arm-elbow angle relationship of the extensor muscles, 
the torque-angle curve of elbow extensors gives an accurate indication of the optimal elbow 
angle but a strong overestimation of the steepness.  

Another factor potentially influencing the torque-angle relationship is activation of 
antagonists. We found low antagonistic activity (0.26(0.05) during flexion torque production 
and 0.14(0.04) during extension torque production) independent of elbow angle (see Results, 
section EMG). This activation will decrease the net joint torque around the elbow as 
measured by the dynamometer. It is not clear how much of this antagonistic srEMG can be 
attributed to crosstalk. If we assume that the major part was due to activation of the 
antagonist and that a linear relationship between srEMG and torque was present, this means 
that the absolute value of the maximal elbow torque produced by the extensors was 
underestimated by 18% and that of the flexors by 21%. In this estimate we take into account 
that the sum of maximal isometric torque of elbow flexors is approximately 1.25 times that of 
the elbow extensors (Nijhof and Kouwenhoven, (2000), and our own data, Fig. 4.3).  

The last factor influencing the shape of the torque-angle curves of elbow flexors and 
extensors is the deviation in elbow angle from the imposed value (θelb) when the subject 
developed maximal voluntary torque. We addressed this problem by monitoring the actual 
elbow angle (φelb) during contractions and reported that angle instead . In Figure 4.7 we 
plotted our torque data as a function of φelb (dotted line) and θelb (solid line).  For the elbow 
extensors, we see that optimal elbow angle shifts to a more flexed angle when using imposed 
angles instead of angles measured at the elbow. Also, note that the torque-angle curves 
obtained using imposed angles are wider than those obtained using angles measured at the 
elbow and therefore overestimate torque at extreme elbow angles. Van Zuylen et al. (1988) 
also measured isometric torque-angle relationship for the elbow flexors using imposed elbow 
angles and compared them with their model predictions based on angle dependent twitch 
torque amplitudes of the individual muscles. They found an overestimation of isometric 
torque-angle curve at the extreme elbow angles that is similar to our data. This confirms that 
using measured elbow angles during contraction gives a better indication of the width of the 
actual torque-angle relationships of the elbow flexors and extensors. 
 
Isometric torque-angle curves of elbow flexors and extensors 
In Figure 4.7 we compared our torque-angle curve of elbow flexors and extensors with 
previous reported curves. Since we found similar curves for the TH20 and TH40 conditions 
we averaged these conditions to one curve for elbow flexors and one curve for elbow 
extensors. Van Zuylen et al. (1988) (Fig. 4.7A) measured isometric torque-angle relationships 
of the elbow flexors in the transverse plane with the humerus horizontally adducted by 25° 
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and the lower arm in a neutral position (midway between pronation and supination). This 
position is very similar to our TH20 and we can see that the results show good agreement.  

The isometric torque-angle curve of the elbow extensors showed a maximum at elbow 
angle of 55°. Other researchers measured torque-angle relationships in the sagittal plane and 
found this optimal elbow angle to occur at 60° (Elkins, et al. 1951), 80° (Osternig, et al. 
1977) or even 100° (Singh and Karpovich 1966) , as can be seen in Fig. 4.7B. In the present 
study as well as in that of Elkins et al. (1951), elbow angle was measured at the elbow during 
the contraction, whereas in other studies it was measured using a goniometer attached to the 
dynamometer arm. If we had used imposed elbow angles (θelb) instead of measured elbow 
angles (φelb) we would have found the optimum angle at 70° (Fig. 4.7B). Using this angle to 
compare our result with previous published work we still see that Osternig, et al. (1977) and 
Singh and Karpovich (1966) found a more flexed angle compared to us. These studies used a 
set-up in which the lower arm was fixed in supination whereas in the present set-up and the 
set-up used in Elkins et al. (1951) the lower arm was fixed in a neutral position. Thus, the fact 

0 45 90 135
0

0.5

1

1.5

φelb (°)

to
rq

ue
 (n

or
m

al
iz

ed
)

 

 
0 1 2 

 φelb (rad)

0 45 90 135
0

0.5

1

1.5

φelb (°)

 

 
0 1 2 

φelb (rad)

van Zuylen et al. (1988)
T-θelb, present study
T-φelb, present study

Singh et al. (1966)
Elkins et al. (1951)
Osternig et al. (1977)
T-θelb, present study
T-φelb, present study

A B

flexors  extensors

Figure 4.7: Mean torque angle curves of elbow flexors and extensors as found in the 
present study plotted together with results obtained in previously published studies. 
For the present study, data of the TH20 and TH45 condition were averaged  since we 
found that curves showed no difference in shape between these two conditions. To 
facilitate the comparison of curve characteristics, all data have been normalized to 
their average value. The data of the present study are plotted against measured elbow 
angles, φelb (dashed line) , and imposed elbow angles, θelb (continuous line). Data 
plotted with an open marker are measured in the sagittal plane.
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that other researchers find the maximal torque for elbow extensors to occur at a more flexed 
elbow angle then reported in this study could be due to our measuring the torque-angle 
relationship in the transverse plane instead of in the sagittal plane, to fixating the lower arm 
in a neutral position, or to both.  
 
Isometric torque-angle curves under different horizontal adduction angles 
We expected that when the humerus was adducted horizontally by 25º, short head of biceps 
would shorten and long head of triceps would lengthen, causing the optimum length for these 
muscles to shift towards elbow extension. In reality, the optimal angles found in the 
torque-angle curves were not affected by our intervention. First of all we should take into 
consideration that the contribution of the biarticular muscles to the elbow torque is small 
relative to that of the monoarticular elbow muscles. According to Nijhof et al. (2000) the sum 
of maximal isometric torques of the monoarticular elbow muscles is approximately 4.5 times 
that of the biarticular muscles. Secondly, the length changes in the biarticular muscles are 
probably negligible. The reason is that although we changed the horizontal adduction angle 
by 25°, the scapula partly followed the movement of the humerus in the transverse plane, and 
in fact the glenohumeral angle changed by only 10°. Based on this observation we speculate 
that the effect of our intervention on the length of biceps and triceps was only minimal. 

In sum, the findings of this study suggest that, as long as the change of the horizontal 
adduction angle is small (<25°) and within the range of 20°-45° relative to the thorax, the 
shoulder can be simplified as if the scapular bone were fixed to the humerus. This would 
make the biarticular biceps and triceps in the model effectively monoarticular elbow muscles. 
Apart from decreasing the degrees of freedom to be modeled, this has the advantage that 
when measuring arm movements to compare with the model simulation, the movement of the 
scapula does not have to be recorded. It remains to be established whether this simplification 
also holds when larger changes in the horizontal adduction angle are imposed.  
 
Conclusions 
Firstly, an isometric torque-angle relationship of the elbow extensors is now available for 
modeling the shoulder and elbow system in the transverse plane. Secondly, for the most part 
the observed variation in normalized extensor torque with elbow angle can be attributed to 
force-length relationship and the moment arm-angle relationship of the elbow extensors. 
Thirdly, we recommend that for future measurement of torque-angle relationships actual joint 
angles during contraction be measured to avoid overestimation of the joint torque at extreme 
elbow angles. Fourthly, we conclude that isometric torque-angle relationships at the elbow in 
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the transverse plane are not influenced by moderate changes in horizontal adduction angle of 
the humerus. 
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Appendix A 
In this appendix, we will clarify how the measurement error due to misalignment (Fig. 4.8) 
between the rotation axis of the dynamometer and the rotation axis of the elbow was 
estimated. The net joint torque produced around the elbow (TE) can be expressed as: 

 

PE EP FT = i  (4.2) 

 
With |EP| the distance between the rotation axis of the elbow and the point of force 
transduction (P) from the hand to the handle of the dynamometer, and FP the force applied at 
P perpendicular to the lower arm. When assuming that al force generated by the participant 
was applied perpendicular to the lower arm (as was instructed to the participant), torque 
measured by dynamometer (TR) can be expressed as: 
 

, cos( )P y PR RP F RP FT α== i i i  (4.3) 

 
With |RP| the distance between the rotational axis of the dynamometer (R) and P and α the 
angle of misalignment (Fig 4.8). e define the relative measurement error relative to TE as: 

X-axis 

Y-axis

  R

P

 

 E

Fp  

α

α
Fp, y

Figure 4.8: The misalignment between 
the rotational axis of the elbow (E) and 
the axis of the dynamometer (R) can be 
expressed as the angle between the 
participant’s lower arm and the dynamo-
meter arm (α). The relative error in the 
measured torque as a function of α was 
estimated. It was assumed that partici-
pants applied all force (Fp ) at the point 
of force production (P), in perpendicular 
direction relative to their lower arm.
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R E

E

T TError
T
−=  (4.4) 

This error can be rewritten as: 
 

cos( )P P

P

RP F EP F
Error

EP F
α −

=
i i i

i
 (4.5) 

As the set-up was adjusted to the participant so that E was in line with R this means that |RP| 
= |EP|. When assuming that the misalignment does not affect |EP| we can rewrite Eq. 4.5 to a 
simple relation between the measurement error and the angle of misalignment: 
 

cos( ) 1Error α= −  (4.6) 
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Abstract 
Within the field of motor control there is no consensus on which kinematic and kinetic 
aspects of movements are planned or controlled. Perturbing goal-directed movements is a 
frequently used tool to answer this question. To be able to draw conclusions about motor 
control from kinematic responses, a model of the periphery (i.e the skeleton, muscle-tendon 
complexes and spinal reflex circuitry) is required. The purpose of the present study was to 
determine to what extent such conclusions depend on the level of simplification with which 
the dynamical properties of the periphery are modeled. For this purpose, we simulated fast 
goal-directed single-joint movement with four existing types of models. We tested how three 
types of perturbations affected movement trajectory if motor commands remained 
unchanged. We found that the four types of models of the peripheral motor system showed 
different robustness to the perturbations, leading to different predictions on how accurate 
motor commands need to be, i.e. how accurate the knowledge of external conditions needs to 
be. This means that when interpreting kinematic responses obtained in perturbation 
experiments the level of error correction attributed to adaptation of motor commands depends 
on the type of model used to describe the periphery. 
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Introduction 
In the field of motor control it is controversial which kinematic and kinetic aspects of the 
movement is planned and/or controlled. Or what signals are sent from the brain to the 
periphery defined as the skeleton, muscle-tendon complexes and spinal reflex circuitry. To 
investigate these signals or motor commands a frequently used method is perturbing 
goal-directed arm movements with a mechanical load. (Bhushan and Shadmehr 1999; 
Debicki and Gribble 2004; Gottlieb 2000; Gribble and Ostry 2000; Hinder and Milner 2003; 
Izawa, et al. 2008; Kistemaker, et al. 2010; Smeets, et al. 1990, etc.). These researchers used 
the changes in movement kinematics in response to a mechanical perturbation to conclude 
what aspects of the movement are controlled and what information is used to customize 
motor commands to the external conditions. Yet, to make these deductions on the basis of the 
kinematic responses observed one needs a model of the periphery. 

The periphery is characterized by high order dynamics with non-linearities in the 
tendon-compliance and in the intrinsic muscle properties (force-length relationship and 
force-velocity relationship). It is generally a good strategy to keep models as simple as 
possible. Should one take into account all complexity in a model for the periphery if one 
wants to study which variables are controlled in goal-directed arm movements? Or is a simple 
model adequate? 

There are clear examples why an elaborate description of the intrinsic muscle 
properties in models of the periphery might be essential from the control of whole-body 
movements such as jumping. Performing a squat jump requires a pattern of joint torques that 
depends critically on the initial joint angles. The fact that we can perform squat jumps from 
various starting postures might suggest that we use precise information and internal models 
(Kawato 1999; Wolpert and Ghahramani 2000) to determine the required joint torques. 
However, it has been shown that the force-velocity relationship of the muscles compensates 
the effect of perturbations of starting position before a jump to a large extent (Van Soest and 
Bobbert 1993). The robustness of their model of the periphery to this type of perturbation 
could lead one to conclude that muscle commands do not need to be accurately customized to 
starting position. A similar result has been obtained for dealing with variations in inertia in a 
whole body lifting task (Van der Burg, et al. 2005).  

Not all researchers use a model that includes an elaborate description of the intrinsic 
muscle properties (Sainburg, et al. 1999; Scheidt, et al. 2005; Shadmehr and Mussaivaldi 
1994). This raises the question to what extent conclusions on motor control depend on the 
level of simplification with which the dynamics of the periphery are modeled. We will test 
four types of models of the periphery as used in previously published research on motor 
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control to describe the elbow joint. We will investigate the responses to changes in external 
conditions while keeping the motor commands the same.  
 The simplest way to model the periphery is by neglecting all neural and muscle-
tendon properties, resulting in a torque-driven model: motor commands prescribe directly the 
joint torques over time (e.g. Kawato, et al. 1990; Sainburg, et al. 1999). The simplest way to 
take into account the viscoelastic properties of the muscles and tendons is to describe the 
periphery as a second order linear mass-spring-damper system (e.g. Scheidt, et al. 2005; 
Shadmehr and Mussaivaldi 1994; Thoroughman and Shadmehr 1999). This second-order 
model is of course still a simplification of the higher order dynamics of the periphery, which 
might affect conclusions based on such a model (Kistemaker and Rozendaal 2011). Still other 
researchers model the nonlinear excitation and contraction dynamics and the tendon 
compliance (e.g. Nijhof and Kouwenhoven 2000; Van Soest and Bobbert 1993) and the most 
elaborate models also incorporate the muscle spindle feedback (e.g. Kistemaker, et al. 2006; 
Song, et al. 2008).  

In this study we do not aim to evaluate which of these models best describes the 
periphery. This will be by definition the least simplified model if we assume that model 
parameters are chosen adequately. Also, we do not aim to evaluate which model leads to 
highest robustness against mechanical perturbation. Rather, our aim is to test how the level of 
simplification affects the response of the model to changes in conditions. If the response to a 
perturbation is not altered by a simplification, the simpler model will be preferred.  

 
Methods 
Models  
We used four types of models of the periphery (Fig. 5.1), which differed in the level of 
simplification with which the dynamics of the periphery are incorporated. In the most general 
form we can describe the periphery in case of the elbow joint as: 
 

extact I TT ϕ += i  (5.1) 

 
with Tact the net joint torque resulting from the actuator system (muscle-tendon complexes 
and spinal reflex circuitry) based on the input signal (motor commands), I the inertia of the 
lower arm relative to the elbow flexion/extension axis and Text the external torques working 
on the lower arm.  

As the most simplified model of the periphery we used a torque-driven model 
(T-model: Fig. 5.1A and Fig. 5.2, green lines). This model did not describe the dynamical 
behavior of the periphery and the input for this model was joint torque over time. This means 
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that the commanded joint torque (Tcom) equals the Tact in Eq. 5.1. We described the lower arm 
and hand as one segment with a segment length of 0.26 m, a segment mass of 1.65 kg, a 
distance of the centre of mass from the elbow joint of 0.1 m and an inertia relative to the 
center of mass of 0.025 kg m2. 

 In the second most simplified model, the periphery was described as a second 
order linear mass-spring-damper system (KBI-model, Fig. 5.1B and Fig. 5.2B, blue lines), as 
for instance used by Scheidt et al. (2005) and Shadmehr and Mussaivaldi (1994). The 
KBI-model strongly simplified the nonlinear viscoelastic muscle properties, the nonlinear 
tendon properties and the muscle spindle feedback by describing them with one linear 
stiffness coefficient (K) and one linear damping coefficient (B). For the one-dimensional 
case, this resulted in: 

 

( ) ( )comact T K BT ϕ θ ϕ θ− − − −= i i  (5.2)  

 
With Tcom the commanded joint torque over time as given by the input signal,  the planned 

joint angle over time,  the planned angular velocity over time,  the actual joint angle, 

 the actual  angular velocity,  the actual angular acceleration. Strictly speaking this model  

can be regarded as a forced mass-spring-damper system with the active input being the 

θ

θ ϕ
ϕ ϕ

D EP-modelC STIM-modelB KBI-modelA T-model

Figure 5.1: An overview of the four types of models that were used to describe the 
peripheral motor system. The models differ in the level of simplification with which the 
dynamical properties of the peripheral motor system are described. From no descrip-
tion to elaborate description: A) a torque-driven model (T-model), B) a second order 
linear mass-spring-damper model (KBI-model), C) a stimulation controlled musculo-
skeletal model (STIM-model) and D) an equilibrium-point-controlled musculoskeletal 
model (EP-model). Elbow angle (φ) is defined such that 0˚ indicates full extension.

φ
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commanded joint torque (Tcom) over time as well as planned joint angle ( ) and planned 

angular velocity ( ) over time. Alternative models can be found that specify active input as 

either Tcom (Uno, et al. 1989) or planned kinematics ( , ) (De Lussanet, et al. 2002). As 
these inputs are interchangeable all these models will show the same dynamic behavior to 
perturbations for a certain set of values for K and B. Based on Scheidt and Ghez (2005) and 
Shadmehr and Mussaivaldi (1994) we choose K=16 Nm/rad  and B=2.4 Nms/rad. These 
values are based on previous reported stiffness estimations (Mussa-Ivaldi, et al. 1985; 
Perreault, et al. 2004) and define the nominal joint stiffness and viscosity during movements 
in the absence of postural stabilization (Scheidt and Ghez 2007). For simplicity we did not 
modify these coefficients for the different simulated perturbations. 
 As our third model we used a musculoskeletal model (STIM-model, Fig. 5.1C) as 
described by Kistemaker et al. (2006). The model incorporated the nonlinear activation 
dynamics, nonlinear intrinsic viscoelastic muscle properties (force-length relationship and 
force-velocity relationship) and the nonlinear tendon compliance (Fig. 5.2B, red lines). The 
muscle parameters were slightly modified (see Table 5.1) compared to Kistemaker et al. 
(2006) so that the maximal isometric torque-angle relationship predicted by the model fitted 
the curves measured by Pinter et al.(2010). The input for this model was muscle stimulation 
over time.  

 
 
Table 5.1: Muscle parameters used in the EP-model and the STIM-model: 
maximum isometric force (Fmax), optimum length of contractile element 
(lce_opt), slack length of series elastic element (lse_0), slack length of parallel 
elastic element (lPE_0), coefficient of tendon displacement method as 
described by Grieve et al. (1978)(a0, a1e and a2e). Muscle were lumped to 
four groups (Fig. 5.2): monoarticular elbow flexors (MEF), monoarticular 
elbow extensors (MEE), biarticular elbow flexors (BEF) and biarticular 
elbow extensors (BEE). 
 

Muscle Fmax(N) lce_opt lse_0 lPE_0 a0 a1e a2e 

MEF 2160 0.078 0.185 0.114 0.305 -0.019 3.96 10-2 

MEE 2782 0.063 0.216 0.092 0.255 0.027 2.16 10-2 

BEF 629 0.110 0.229 0.161 0.365 -0.026 5.73 10-2 

BEE 1083 0.107 0.236 0.156 0.339 0.028 2.38 10-2 
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 The least simplified model of the periphery used in this simulation study was an 
equilibrium-point-controlled musculoskeletal model (EP-model: Fig. 5.1D) developed by 
Kistemaker et al. (2006). The model incorporated the nonlinear activation dynamics, the 
nonlinear intrinsic viscoelastic muscle properties, the nonlinear tendon compliance and the 
time-delayed muscle spindle feedback that contributed to the viscoelastic behavior of 
periphery. As it has been reported that spindle feedback is inhibited at the start and end of a 
movement and maximal at the time to peak velocity (Shapiro, et al. 2002; Shapiro, et al. 
2009) the contribution of spindle feedback to the muscle stimulation was gated by means of a 
Gaussian function as proposed by (Kistemaker, et al. 2006 : Eq. B1). The input signal 

kp , kd feedback gains
STIMEP

muscle stimulation due to 
STIMopen and spindle feedback

STIMopen muscle stimulation defining 
an open loop EP 

λ contractile element treshold
 length for spindle feedback

dλ
dt time derivative of λ
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φ joint angle
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Figure 5.2: Schematic overview of the models used. A) The T-model (green). B) The 
KBI-model (blue) describing the complex dynamics of the periphery with one linear 
stiffness coefficient and one linear damping coefficient. C) The STIM-model (red). 
Note that this same model is incorporated in D) the EP-model (grey). 
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prescribes an equilibrium-point (EP) by a set of open loop muscle stimulations that lead to 
equilibrium of forces at a planned joint angle and the corresponding set of muscle lengths 
when equilibrium in planned joint angle is reached. For each planned joint angle multiple 
EP’s can be calculated all leading to a different amount of stiffness in the joint angle. In line 
with Kistemaker et al. (2006), all EP’s were calculated under the constraint that open loop 
joint stiffness in the equilibrium was maximal. The planned movement was given as an input 
signal consisting of 3 EP’s: the starting angle, an angle midway, and the planned angle at the 
endpoint. This double step EP-trajectory was similar to the trajectory used by Kistemaker et 
al. (2006) and chosen this way since it has been indicated that EP does not shift 
instantaneously from starting to endpoint (Bizzi, et al. 1982). Feedback gains were optimized 
using as criterion the least squared difference between simulated elbow angle trajectory and a 
minimal jerk trajectory. For simplicity, feedback gains were kept at constant values of 
-0.4 m-1 for muscle fiber length and -0.15 s/m for muscle fiber contraction velocity in all 
simulations described in this study.  
 
Perturbations 
As shown by our definition of the periphery (Eq. 5.1) we can apply a mechanical perturbation 
by changing inertia or changing the external torque. We simulated three perturbation types: 
(1) a position-dependent external torque perturbation (as if moving in the gravitational field), 
(2) a velocity-dependent external torque perturbation (as if moving through water), and (3) an 
inertial perturbation (as if transporting an object from one point to the other in the horizontal 
plane). For all models an input signal was obtained that would lead to a planned joint angle 
( )or a planned joint movement ( (t)) when simulating the unperturbed situation (reference 
simulation). This input signal was used without modification when the perturbation was 
applied.  

For the position-dependent external torque perturbation we introduced gravity, as 
shown in Fig. 5.3A. We calculated steady state joint angle given this input signal and with an 
additional gravitational torque (Text) applied at the lower arm: 

 

( )cos 45ext m g dT ϕ + °= i i i  (5.3)  

 
with m the segment mass, g gravitational acceleration and d the distance from 
flexion/extension axis of the elbow to the lower arm center of mass. This procedure was 
performed for a range of joint angles (45°< <135°) chosen such that gravitational torque in 

the perturbed condition ranged from zero ( =45°) to maximal ( =135°). We will refer to the 

difference between  and the steady state joint angle as the static error. To explain the 

θ θ

θ
θ θ
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differences in static error between the four types of models we calculated the low frequency 
stiffness of the STIM-model and the EP-model for 45°≤ ≤135° using the methods as 
described by Van Soest et al. (2003). Briefly, this entailed linearizing the nonlinear time-

invariant state space STIM/EP-models for a certain  (linearization point). For this 

linearized state space model a low frequency stiffness was estimated by imposing a constant 
small angular deviation from the linearization point and calculating the steady state joint 
torque. 

For the velocity-dependent external torque perturbations and the inertial perturbations 
we first simulated a 90° elbow flexion and extension with the EP-model (reference 
simulations). For the STIM-model, T-model and KBI-model the input signal was determined 
that would result in -trajectories identical to those in the reference simulations. For all four 

models we simulated an elbow flexion and an elbow extension given this input signal in the 
presence of a velocity-dependent external torque (Text):  
 

ext bT ϕ−= i  (5.4) 

 
We varied b in such a way that damping changed from -108% till +108% compared to the 
damping coefficient of the KBI-model (i.e.: -2.6 Nms/rad till 2.6 Nms/rad).  

We also simulated an inertial perturbation by using the input signal of the reference 
simulation and a changed moment of inertia (ranging from -50% till 125% of the inertia in 
the reference simulation).  

To compare the responses of the four types of models we developed a measure of the 
model’s robustness to the velocity-dependent external torque perturbations and inertial 
perturbations based on the simulated movements described in phase plots. In the phase plots 
we normalized position to the movement amplitude of the reference movement and angular 
velocity to the peak angular velocity of the reference simulation. We calculated for each 
time-sample in the simulation the distance in normalized state space between the reference 
simulation and the perturbed simulation and took the average of this distance over the first 
600 ms of the simulation (Rb).  
 
Results  
Position-dependent external torque perturbation  
Figure 5.3B shows the static errors induced by the gravitational torque: the difference 
between the actual steady state joint angle and the angle . The gravitational torque 

increased monotonically from zero for =45º (i.e. lower arm vertical) to a maximal value for 
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=135º according Eq. 5.2. Differences in the static error among the four types of models can 
be explained by this relationship between gravitational torque and joint angle in combination 
with the differences in low frequency stiffness’ of the models (Fig. 5.3C). For the T-model 
(low frequency stiffness of zero) no steady state angle was reached if gravitational torques 
were exerted on the lower arm ( >45º). For the KBI-model (a linear stiffness coefficient 

independent of ) the static error is approximately proportional to the size of the 
gravitational torques. Due to the nonlinear position dependency of the gravitational torque the 
static error is not by definition proportional to the size of the gravitational torque. For the 
STIM-model (low frequency stiffness varies with ) the static error increased with 

gravitational torque but saturated at >80º because low frequency stiffness rapidly increased 

for >80º. This rapid increase in low frequency stiffness is comparable with the results of 
Kistemaker et al. (2007b) and can be attributed to the rapid decrease in torque as found in the 
maximal isometric torque-angle relationship for the elbow flexors in this range of elbow 
angles (Pinter, et al. 2010). For the EP-model the muscle spindle feedback added to the low 
frequency stiffness, reducing the static error substantially. The increase in low frequency 
stiffness due to the muscle spindle feedback is well in line with reported values by de Vlugt 
et al. (2006)  

In summary, researchers who use the KBI-model or the T-model to simulate 
movements in the gravitational field, would come to the prediction that motor commands 
need to be accurately customized to the gravitational torques working on the lower arm in 
order to make movements that end on target. Researchers using the EP-model would come to 
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Figure 5.3: (A) A representation of the gravitational perturbation. An elbow angle (θ) 
of 45º leads to zero gravitational torque acting on the lower arm. (B) Static error 
induced by the gravitational torques on the lower arm for the four types of models. For 
the T-model (green dotted curve) every θ>45º will lead to a static error >45º because 
steady state joint angle will be reached at the upper boundary of the range of motion of 
the elbow joint (set at 180º). (C) The low frequency stiffness for the four types of 
models.
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the opposite conclusion since this model predicts that neglecting the gravitational torques 
would only lead to a small (<2°) static error. 

 
Velocity-dependent external torque perturbation 
The trajectories for velocity-dependent torque perturbation during elbow flexion simulations 
are shown in Fig. 5.4A-D for a range of perturbation sizes (-2.6 Nm/rad<b<2.6 Nms/rad) and 
for each of the four models. Results for two perturbation sizes (b=0.6 and b=-0.6) are shown 
in Fig. 5.4E-F. These perturbation sizes are used to illustrate the difference in robustness to 
the velocity-dependent external torque for the four types of models (Fig. 5.5 and Table 5.2).  

Again the T-model showed the least robustness to this perturbation type. No matter 
how small the perturbation, b<0 always led to an oscillation with increasing amplitude and 
b>0 always led to the movement ending in its starting position (see Appendix A for 
mathematical explanation of the latter phenomenon).  

For the three models that incorporated viscoelastic muscle properties, the effect of the 
velocity-based perturbation was less dramatic than for the T-model. As expected, all models 
are less robust when velocity-dependent torque is destabilizing (b<0) than when it is 
stabilizing (Table 5.2). The STIM-model showed least robustness to the destabilizing 
perturbation and for b<-0.6 Nms/rad the intrinsic viscous muscle properties could no longer 
dissipate the kinetic energy injected by the velocity-dependent external torque. The result is 
an oscillation with increasing amplitude. The addition of muscle spindle feedback to the  

 
 
Table 5.2: The robustness (Rb) to perturbation for the four types of models. 
The T-model shows the least robustness in all perturbation. Robustness to 
perturbations show a similar pattern for elbow flexion and elbow extension. 
 

 flexion  extension 

 EP STIM KBI Torque  EP STIM KBI Torque 

b = -0.6 0.12 0.46 0.14 5.73  0.11 0.31 0.12 5.39 

b = 0.6 0.07 0.1 0.10 0.63  0.08 0.12 0.09 0.59 

          

ΔI  = -25% 0.08 0.06 0.05 0.31  0.14 0.05 0.04 0.3 

ΔI  = 25% 0.1 0.06 0.04 0.19  0.16 0.05 0.04 0.18 
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Figure 5.4: The results for a velocity dependent external torque perturbation during elbow 
flexion. A-D) Simulated joint angle trajectories for the four models using a range of pertur-
bation sizes. E-F) Direct comparison of the four models for two perturbation sizes. 
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model of the peripheral motor system (yielding the EP-model) increased robustness to the 
velocity-dependent torque perturbation in both the stabilizing and destabilizing conditions 
(Fig. 5.5 and Table 5.2). For b<-1.1 Nms/rad the EP-model can no longer dissipate the kinetic 
energy injected by the destabilizing velocity-dependent torque. The KBI-model is also robust 
to the velocity-dependent torque. Only when b<-2.4 Nms/rad the oscillations increase in 
amplitude. At this point the damping coefficient of the perturbation annihilated the damping 
coefficient of the KBI-model.  

Altogether, this means that when using destabilizing velocity-dependent external 
torque perturbations to investigate motor control, researchers using a T-model would predict 
that motor commands need to be perfectly customized to the external damping conditions in 
order to be able to control movements. As both sensory information as motor commands have 
some degree of noise this prediction would necessitate that motor commands are adapted 
during the movement based on feedback, even if no perturbation is present. When using one 
of the three other models, the level of simplification has an important effect on interpreting 
data from experiments with a negative simulated viscosity: the STIM-model predicts 
different responses than the other two. 
 
Inertial perturbation 
The trajectories for inertial perturbation during elbow flexion simulations are shown in 
Fig. 5.6A-D for a range of perturbation sizes (-50%<I<125%) for each of the four models. 
Results for two perturbation sizes (ΔI=-25% and ΔI=25%) are shown in Fig. 5.6E-F. These 
perturbation sizes are used to illustrate the difference in robustness (Fig. 5.7 and Table 5.2) to 
the inertial perturbation for the four types of models.  

The movements produced by the T-model were also most affected by this type of 
perturbation. The three models that include damping and stiffness properties all seem to show 
a certain level of robustness to inertial perturbations (Fig. 5.6). When looking at the 
kinematic responses of these three models in more detail (Fig. 5.7 and Table 5.2) the model 
describing these properties with the least simplifications (EP-model) was least robust.  

For the interpretation of inertial perturbation experiments in terms of knowledge 
needed to reach the target, the level of simplification in the model is not very relevant, 
provided that the stiffness and damping properties are incorporated in some way. If 
experiments would show that an inertial perturbation does not affect reaching the goal, any 
model that incorporates the stiffness and damping properties would lead to the conclusion 
that this performance is possible without knowledge of the perturbation.  
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Figure 5.7: Phase plots are used to indicate the model’s robustness to the inertial 
perturbation for two perturbation strenghts and two movement directions. Thin 
black curves represent the unperturbed condition for all models (reference simula-
tion). The EP model, the STIM-model and the KBI-model show a high robustness to 
the inertial perturbation.
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Discussion and conclusions  
We found that the amount of information about the external conditions that is required to 
control goal-directed arm movements varied with the type of model used to represent the 
periphery. Models that neglect the viscoelastic properties of the periphery predict that 
movements are not well controlled unless motor commands are perfectly customized to load 
conditions, whereas models that incorporate these properties predict that movements remain 
reasonably well controlled when motor commands are less accurately customized to load 
condition.  
 
Conclusion on motor control depend on the level of simplification with which the periphery 
is modeled 
We showed that for the model with no viscoelastic properties (T-model), all perturbations no 
matter how small changed kinematics substantially (no robustness). This means that this type 
of model predicts that motor commands need to be perfectly customized to external 
conditions and thus that to control movement detailed knowledge of the external conditions 
(inertia, gravity and velocity-dependent external torques) is needed in addition to information 
on the ongoing movement to adapt motor commands during movement execution. 
Researchers that use this type of model to interpret kinematic responses as measured in 
perturbation experiments would attribute all load compensation they find to adaptation of 
motor commands. This affects the conclusions made on motor control. For example, if it 
would be found that for an unexpected 25% change in inertia subjects show kinematic 
responses such as shown in Fig. 5.7 for the STIM-model (red curves), using a T-model to 
explain these data would lead to the conclusion that the adaptation of net elbow torque to the 
new inertia was completely due to adaptation of motor commands (for instance by means of 
supraspinal feedback). In the case that a STIM-model or a KBI-model would be used one 
could conclude that load compensation could occur under motor commands that are not 
customized to the new inertia, attributing the adaptation of net elbow torque to the dynamics 
of the periphery. 
 We found that including damping and stiffness properties in the model of the 
periphery improved robustness to perturbations tremendously compared to using a model that 
neglects them (T-model). The predictions on how accurate motor commands need to be with 
regard to external conditions differed also for the three types of models that included 
damping and stiffness properties. Therefore, when interpreting kinematic responses as 
measured in perturbation experiments, the amount of error correction attributed to adaptation 
of motor commands based on knowledge of external conditions depends on what type of 
model is used. This means that the conclusions one will make on motor control will depend 
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on the type of model used to describe the dynamic behavior of the periphery. We use the 
position-dependent torque perturbation as an example (Fig. 5.2B). If in an experiment setup 
in which gravitational direction would be manipulated and it would be found that participants 
showed endpoint errors such as shown in Fig. 5.2 for the EP-model (grey curves), using a 
KBI-model to explain these data would lead to the conclusion that motor commands had been 
adapted to the new gravitational load, for instance based on sensory information on 
gravitational direction (vestibular system, vision, kinesthetic). Using an EP-model would lead 
to the conclusion that all load compensation could be attributed to the dynamics of the 
periphery, leading to the conclusion that motor commands are not customized to gravity. 

The difference in kinematic responses for the three models that include damping and 
stiffness properties is largest in the position-dependent torque (gravitational) perturbation 
(Fig. 5.3B). Is this a general conclusion? First, we could increase the stiffness coefficient (K) 
for the KBI-model, which would increase the model’s robustness to this type of perturbation. 
Joint stiffness measured in perturbation experiments varies between studies and higher values 
have been reported (Lacquaniti, et al. 1993; Mussa-Ivaldi, et al. 1985). Yet, even with a 
higher stiffness the model’s response to perturbation (static error) would remain 
approximately proportional to the gravitational torque and therefore show a qualitatively 
different response than the STIM-model and the EP-model. Second, one could also argue that 
gravity leads (in addition to a position-dependent torque) also to a position-independent 
increase in torque. This might affect the behavior of the non-linear models. We performed 
additional simulations in which we introduced static torques (ranging from -10 Nm to 
10 Nm), and found that this additional static torque did not affect our results in describing 
robustness to position dependent torque perturbation. 

The robustness to the gravitational perturbation is inversely related to the level of 
simplification with which the dynamical properties of the periphery are described (Fig. 5.3B). 
This is however not the case for the other perturbations, as is most clearly demonstrated in 
the velocity-dependent torque perturbation. The following order from most robust to least 
robust to this type of perturbation is: EP-model, KBI-model, STIM-model and T-model. 
Since the dynamical properties of the periphery are more simplified for the KBI-model than 
the STIM-model this does not resemble the following order for the level of simplification. 
For the inertial perturbation we can make a similar conclusion on following order of the 
robustness: KBI-model, STIM-model, EP-model and T-model. 
 As we show that conclusions on motor control drawn from kinematic responses to 
perturbations depend on the type of model used to describe the dynamical properties of the 
periphery, one could ask which model to use in order to come to correct conclusions. This is 
a question that has no simple answer. If we assume that the least simplified model best 



Conclusions on motor control depend on the type of model used to represent the periphery 
 

- 85 - 

describes the response of the human motor system we would suggest to use this model. Yet, 
we did find that for some perturbation types (Fig. 5.4F and Fig. 5.6E-F) a simplified model 
such as the KBI-model would describe the kinematic responses to perturbation equally well 
in terms of robustness compared to less simplified STIM-model or EP-model. For these 
perturbation types a KBI-model would be the most adequate. The main conclusion of this 
study is that when using kinematic responses as found in perturbation experiment to come to 
conclusions on motor control the level of detail used to describe the periphery should be 
considered carefully.  
 
Appendix A 
In this appendix we deduce that the behavior of the T-model in response to a 
velocity-dependent force field with a positive damping coefficient will necessarily lead to the 
movement ending in its starting position. We can describe the T-model as: 

extcom T IT ϕ+ = i  (5.5) 

with 

ext bT ϕ−= i  (5.6) 

Note that for b>0 the damping term (Eq. 5.6) will dissipate the kinetic energy induced by the 
Tcom during movement (Eq. 5.5). At the end of the unperturbed movement, Tcom and the 
movement velocity will have returned to zero. 

For perturbed movements with b>0 we take the integral over time for Eq. 5.5 and we 
find: 

( ) ( ){ }
end end

start start

t t

com end start
t t

T dt b dt I t tϕ ϕ ϕ− = −∫ ∫i i i i  (5.7) 

with tstart the time at the start of the simulation and tend the time that the perturbed movement 
velocity reached zero. This definition of integration boundaries makes the right side of 
Eq. 5.7 equal to zero. Furthermore it makes the first term in the left side of Eq. 5.7 equal to 
zero because model input Tcom was defined such that in the unperturbed situation (b=0): 

( ) ( ){ } 0
end

start

t

com end start
t

T dt I t tϕ ϕ= − =∫ i i  (5.8) 

This means that the second term on the left side of Eq. 5.7 must also equal zero. If we rewrite 
this term, 

( ) ( ){ } 0
end

start

t

end start
t

b dt b t tϕ ϕ ϕ= − =∫ i i i  (5.9) 

we find that at tend will always equal at tstart. This means that at standstill the movement 

will always have returned to its starting angle. 
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In present literature on the control of movements it is controversial which aspects of our 
movements are planned and controlled and which information is transferred from the brain 
to the peripheral motor system (motor commands). When assuming that the brain plans and 
controls joint angle trajectories a high loan on intelligence is made in the process of 
calculating the required net joint torques and converting these net joint torques into motor 
commands. Based on the dynamical properties of the peripheral motor system it has been 
suggested that the brain plans and controls movement endpoints (Bizzi, et al. 1992; Feldman 
1986; Hogan 1984; Kistemaker, et al. 2006). It has been shown that the peripheral motor 
system behaves like a mass-spring-damper system (Hogan 1985; Mussa-Ivaldi, et al. 1985). 
Motor commands may prescribe the point at which the peripheral motor system will reach 
equilibrium. Under this assumption a movement is induced by shifting the equilibrium point 
(EP) from one set of equilibrium joint angles to another. The dynamical properties of the 
peripheral motor system then generate the muscle forces that drive the joints to their 
equilibrium angle. This type of control takes a low loan on intelligence in the process of 
generating motor commands: a mapping of planned endpoint to EP is sufficient. I would 
like to find evidence for this type of control by falsifying that the brain plans and controls 
joint angle trajectories. I investigated if detailed knowledge of the external load is used in 
the process of generating motor commands. A result indicating that this knowledge is not 
used would place doubt on the assumption that the brain calculates the required net joint 
torques to come from planned joint angle trajectories to motor commands. 

In Chapter 2, I perturbed point-to-point arm movements with a small (±25%) 
increase or decrease in inertia of the lower arm. I found that if inertia was changed 
unexpectedly for a single trial the kinematics of that trial are different from those of the 
unperturbed trials (peak angular velocity, number of submovements) but the initial 
overshoot of the movement was not (Fig. 2.2, black symbols). The fact that initial overshoot 
did not change means that the net joint torques over time were adapted to the new inertia. 
Since our experiment was set up in such a way that participants had neither the time nor the 
information to adapt motor commands before the point of initial overshoot this 
compensation can only be attributed to the dynamical properties of the peripheral motor 
system. Furthermore, I found that when the changed inertia was kept constant during a 
series of 11 successive trials, motor commands were customized to the new inertia 
(Fig 2.4): an increase occurred in early agonistic muscle activity for the increased inertia 
(HH) compared to the decreased inertia (LL). This result indicates that in the process of 
controlling movements, the brain does more than minimizing the endpoint error (Todorov 
and Jordan 2002; Van Beers 2009). This falsifies the simplest form of endpoint control in 
which the brain only controls the planned endpoint of the movement. Other kinematic 
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parameters are controlled as well. The increased agonistic muscle activity I found when 
motor commands were customized for the higher inertia can be interpreted in two different 
ways. Advocates of endpoint control will interpret it as an increase in the level of 
cocontraction to achieve an increase in joint stiffness; an increase in joint stiffness may lead 
to an increase in movement acceleration and hence movement velocity (Gribble and Ostry 
1998A). Alternatively, advocates of trajectory control would interpret the customization of 
motor commands as an updating of an internal representation of the inertia of the lower arm. 
Discriminating between these two interpretations by investigating the customization of 
motor commands to inertia does not seem possible. For either one of them it can be argued 
that the customization of motor commands to an increased inertia would lead to both an 
increase in net joint torque and an increase in joint stiffness due to cocontraction. For the 
endpoint control hypothesis an increase in joint stiffness would self evidently lead to an 
increase in net joint torques. Alternatively, for the trajectory control hypothesis it can be 
argued that an increase in net joint torques would necessitate cocontraction to stabilize the 
elbow joint (Brookham, et al. 2011; Solomonow, et al. 1988). Therefore I needed an 
experiment in which the customization of motor commands to external conditions would 
require an adaptation of net joint torques that could not be achieved by adjusting the joint 
stiffness. For example a position-dependent external torque perturbation. 

In Chapter 3, I perturbed point-to-point arm movements with a position-dependent 
force field for which the effect on the movement is presumed to be known in the brain: the 
gravitational field (Papaxanthis, et al. 2002). I reasoned that if the brain plans and controls 
joint angle trajectories, it would benefit from having an internal model of gravity that 
predicts gravitational torques for a planned movement trajectory (specific a priori 
knowledge of the gravitational effects). Participants were first placed in a supine position 
and practiced to make point-to-point arm movements in a nearly vertical plane of movement 
relative to gravity. After they were adapted to this unfamiliar orientation in the gravitational 
field, they were placed in a more familiar orientation: in upright position. The same 
movement in a body-fixed frame of reference was made; hence the movement now occurred 
in the horizontal plane relative to gravity. In the case that an internal model of gravity was 
used to provide specific a priori knowledge of the gravitational effects, motor commands 
would be customized to the gravitational effects in the new plane of movement from the 
first trial on. In this case any change in kinematics found for the first trial in the horizontal 
plane would persist if successive trials in this plane were made. Alternatively, if no specific 
a priori knowledge of the gravitational effect was used I expected that motor commands 
were not customized or aspecifically customized to the gravitational effects for the first trial 
in the horizontal plane of movement. In this case, I expected specific customization to occur 
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if successive trials in this plane were made. I found that for the first trial in the horizontal 
plane participants adapted their motor commands in an aspecific way: they reduced peak 
angular velocity and ended movements with less overshoot compared to target centre 
regardless of the gravitational effects encountered in the preceding movements in the 
vertical plane (Fig. 3.3). Similar changes in kinematics have been reported for experiments 
in which information on external conditions was limited (Elliott, et al. 2004; Hansen, et al. 
2003). I conclude that for the first trial in a new plane of movement compared to gravity, 
specific a priori knowledge of the gravitational effects was not used when generating motor 
commands. This places doubt on the assumption that when planning movements the brain 
uses an internal model of gravity to calculate gravitational torques for a planned movement 
and undermines the assumption that the brain calculates required net joint torques for 
planned joint angle trajectories. When successive trials in the horizontal plane were made 
the reductions in peak angular velocity and overshoot diminished. This indicates that motor 
commands were specifically customized when a posteriori knowledge of the gravitational 
effect in the horizontal plane was available. It is feasible that participants planned and 
controlled endpoints and used a posteriori knowledge of the gravitational effects to remap 
planned endpoints to EPs. As I concluded that on the first trial in a new gravitational 
condition motor commands were not specifically customized to the gravitational effects it 
still needed explaining why movement errors remained small. To confirm that the dynamics 
of the peripheral motor system can compensate gravitational effects to a large extent I 
needed a valid musculoskeletal model of the elbow. I used a previously developed model by 
Kistemaker et al. (2006) and validated the  maximal isometric torques of the elbow muscles 
with the maximal isometric torque-angle relationships reported in Chapter 4. In Chapter 5, I 
evaluated to what extend the elastic properties of the peripheral motor system can 
compensate for gravitational torques working on the lower arm.  

In Chapter 4, I measured the maximal isometric torque-angle relationships for the 
elbow flexors and the elbow extensors. These relationships were used to fine tune the 
muscle parameters of a previously developed model of the peripheral motor system 
(Kistemaker, et al. 2006) in such a way that the isometric torque-angle curves obtained with 
the model fell within the 99% confidence interval of the isometric torque-angle curves as 
measured and with the additional constraint that values remained within the range reported 
in previously published research on cadavers (An, et al. 1981; Murray, et al. 1995; Nijhof 
and Kouwenhoven 2000). A model that has an accurate description of the maximal 
isometric torque-angle relationship for elbow flexors and extensors will give a realistic 
representation of the maximal achievable open loop joint stiffness around the elbow and 
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therefore a realistic indication to what extent the nonlinear intrinsic elastic properties of the 
peripheral motor system help compensate for perturbations in gravitational effects.  

Although, the simulations in Chapter 5 were designed to answer a question not 
directly related to the experiments described in Chapter 3 a limited comparison can be 
made. I can use the simulated responses to gravitational perturbation in Chapter 5 to 
illustrate that the peripheral motor system can control movements for the perturbations as 
used in the experiment described in Chapter 3. The simulation results shown in Fig. 5.3B 
predict that the intrinsic viscoelastic muscle properties as described by the nonlinear 
musculoskeletal model (STIM-model) can compensate to a large extend for the 
position-dependent gravitational torques working on the lower arm and when muscle 
spindle feedback was added to the model’s description of the peripheral motor system 
(EP-model) compensation for gravitational torques improved substantially (Fig. 5.3B: 
EP-model predicts only minimal static errors). Although the simulations did not match the 
conditions of the experiment described in Chapter 3 (the range of motion, the mass of the 
lower arm and manipulandum, etc.) the gravitational torques simulated (ranging from 0 Nm 
at elbow angle of 45° till 2.9 Nm at elbow angle of 135°) were comparable to the 
gravitational torques participants encountered during their movements (Fig. 3.2). Therefore, 
I conclude that for the gravitational perturbation used in Chapter 3 the peripheral motor 
system was able to compensate gravitational torques to a large extend. This supports my 
conclusion that on the first trial in a new plane of movement compared to gravity motor 
commands are aspecifically customized and a priori knowledge of the gravitational effects 
was not used when planning elbow rotations. 

Not all researchers use a detailed musculoskeletal model to simulate the 
experimentally observed responses. This can affect the conclusions that are drawn from the 
kinematic responses observed. If, for instance, I had simulated the gravitational 
manipulation described in Chapter 3 with a model of the peripheral motor system that does 
not describe the intrinsic muscle properties and the muscle spindle feedback, this model 
would have predicted large static errors at the movement’s endpoint if motor commands are 
not specifically customized to the new gravitational effects. This would have led me to draw 
a completely different conclusion from the kinematic responses I found in my experiment: 
for the first trial in the horizontal plane motor commands were specifically customized 
(although not completely) to the gravitational effects. I would then have concluded that 
participants had used a priori knowledge of the gravitational effects when planning elbow 
rotations. The simulations described in Chapter 5 were done to see if similar 
misinterpretations of measured responses can be made for other external load perturbations. 
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In Chapter 5, I tested several types of models of the peripheral motor system used in 
the literature for their robustness to perturbation in external load. These models differed in 
the level of simplification with which the dynamical properties of the peripheral motor 
system are described. For both a fast 90° flexion and a fast 90° extension of the elbow, I 
obtained an input signal (motor commands) for each type of model. While keeping the input 
signal constant, I perturbed the simulated movement using three types of perturbations: 
position-dependent external torque perturbation (gravity), velocity-dependent external 
torque perturbation and inertial perturbation. I found that the model in which all dynamical 
properties of the peripheral motor system were discarded had no robustness to these 
perturbation types. This type of model would predict that to successfully control movement 
for a perturbation in external load motor commands need to be accurately customized to the 
external load condition. For the three models that contain a simple or elaborate description 
of the dynamical properties of the peripheral motor system the robustness to perturbation 
differed. This was most clearly present in the position-dependent external torque 
perturbation (Fig. 5.3, KBI-model, STIM-model and EP-model) and in the destabilizing 
velocity-dependent torque perturbation (Fig. 5.4, KBI-model, STIM-model and EP-model). 
These results imply that if in perturbation experiments it is found that participants were 
successful in controlling the movement for perturbation, the conclusion on how accurate 
motor commands had been customized to the external load depends on the type of model 
used to simulate the perturbation. And hence the conclusion made for the involvement of 
the brain in controlling the movement depends as well on the type of model used. 

In summary, my experiments on perturbations in inertia and gravitational effects 
suggest that detailed information on the external load when making elbow rotations is not 
essential. In addition, I found that when generating motor commands for elbow rotations 
specific a priori knowledge of the gravitational effects was not used to customize motor 
commands to the external load. These findings place doubt on the assumption that the brain 
calculates net joint torques based on planned joint angle trajectories. I also found that motor 
commands are customized for a small change in inertia on a trial-to-trial basis. Even though 
I conclude that the brain does not need detailed knowledge of inertia and the gravitational 
effects to control movement for external load, it can benefit from a posteriori knowledge of 
the effect of these loads on the movement to specifically customize motor commands to the 
external load conditions. This customization can involve an adjustment of mapping 
endpoints to EPs or an updating of the knowledge available in the brain concerning the 
external load. I cannot distinguish between these two options using the methodology of 
mechanically perturbating a point-to-point arm movements.  
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The perturbations sizes used in the experiments described in this thesis can be 
qualified as small to moderate. They are comparable to perturbations we encounter 
frequently in our daily life arm movements, for example when lifting a pack of milk not 
knowing how full it is. For these experiments, I conclude that to control movement it is 
feasible that motor commands specified EP’s that set both the equilibrium joint angles and 
the stiffness of the joints. This means that endpoint control can provide an explanation for 
how the brain controls goal-directed arm movements under the great variety of external 
conditions as encountered in daily life. 
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In ons dagelijks leven zijn we in staat om snelle en doelgerichte bewegingen te maken 
ondanks dat de bewegingstrajecten en de externe lading iedere keer variëren. Hierdoor 
variëren ook de benodigde netto gewrichtsmomenten en de spieractivatiepatronen. Binnen de 
bewegingssturing zijn er verschillende ideeën over hoe het brein in de context van deze 
variëteit aan bewegingen een goed stuursignaal naar de spieren kan genereren. Sommige 
bewegingswetenschappers stellen dat het brein uit een gewenst bewegingstraject de 
benodigde netto gewrichtsmomenten berekent en deze vervolgens omzet in een stuursignaal. 
Hiervoor is gedetailleerde kennis nodig van zowel het perifeer motorisch systeem (het 
spierskeletstelsel inclusief de spierspoelreflexbanen) als van de externe condities (bijv. de 
massa van een object dat gedragen wordt, of de bewegingsrichting in het 
zwaartekrachtsveld). Zelfs al is ons brein in staat om deze kennis te verwerven (Wolpert en 
Ghahramani 2000) dan blijft het de vraag of, om doelgerichte bewegingen te sturen, 
inderdaad intensief gebruik gemaakt wordt van rekenkundige processen om 
gewrichtsmomenten te berekenen.  

Als alternatief zijn er bewegingswetenschappers die stellen dat het brein alleen het 
eindpunt van de beweging plant en stuurt (Bizzi en Abend 1983; Feldman 1986; Gribble, et 
al. 1998B; Kistemaker, et al. 2006). Hun ideeën zijn gebaseerd op de bevinding dat het 
perifeer motorisch systeem in gedrag vergelijkbaar is met een massa-veer-demper systeem. 
Kenmerkend voor zo’n systeem is dat het (indien stabiel) altijd relaxeert in een 
evenwichtstoestand of evenwichtspunt zolang er in dit evenwichtspunt geen externe 
stoorkracht actief is. Het brein zou bij het aansturen van bewegingen het evenwichtspunt van 
het perifeer motorisch systeem (EP) kunnen instellen. Deze vorm van bewegingssturing noem 
ik eindpuntsturing. Het heeft als voordeel dat er geen intensief gebruik wordt gemaakt van 
rekenkundige processen. Een gepland eindpunt van een beweging kan direct omgezet worden 
in een stuursignaal dat een EP specificeert. De gewrichtsmomenten en spieractivatiepatronen 
ontstaan op basis van de visco-elastische eigenschappen van het perifeer motorisch systeem. 

In dit proefschrift onderzoek ik of er evidentie is voor eindpuntsturing in point-to-
point elleboogrotaties door te onderzoeken of gedetailleerde kennis van de externe lading 
gebruikt wordt bij het genereren van een stuursignaal. Om conclusies te kunnen trekken over 
het gegenereerde stuursignaal was het niet wenselijk dat proefpersonen tijdens hun 
bewegingen hun stuursignaal aanpasten om de experimentele manipulatie te compenseren. 
Daarom zijn de experimenten in dit proefschrift zo opgezet dat proefpersonen niet de tijd 
en/of de informatie hadden om hun stuursignaal aan te passen tijdens het deel van de 
beweging dat ik onderzocht. 

In het in hoofdstuk 2 omschreven experiment bracht ik vlak voor de aanvang van de 
beweging een kleine (25%) verandering in het inertiele moment aan net buiten het 
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gezichtsveld van de proefpersoon. Ik vond dat als de verandering in inertiele moment 
onverwacht kwam (eerste trial na de verandering), het eerste omkeerpunt van de beweging 
niet veranderde ondanks dat het stuursignaal niet was aangepast op het nieuwe inertiële 
moment. Dit betekent dat de visco-elastische eigenschappen van het perifeer motorisch 
systeem de netto gewrichtsmomenten hadden aangepast om de onderarm (met het nieuwe 
inertiele moment) van start- naar eindpositie te brengen, weliswaar met andere kinematica 
van de beweging. Ook vond ik dat als het nieuwe inertiële moment over de daaropvolgende 
11 trials constant werd gehouden, proefpersonen hun stuursignaal gingen aanpassen. Hieruit 
concludeer ik dat proefpersonen in ieder geval meer doen dan hun eindpunt reguleren. Of 
voor deze aanpassing kennis van het nieuwe inertiële moment werd gebruikt om op basis van 
geplande bewegingstrajecten de benodigde gewrichtsmomenten en spieractivatiepatronen te 
berekenen is met deze experimentele opzet (aanpassing aan inertia) niet te bepalen. Het is 
mogelijk dat proefpersonen de mate van cocontractie aanpasten in een poging om de 
gewrichtstijfheid en daarmee de snelheid van de beweging te beïnvloeden. 

In het experiment omschreven in hoofdstuk 3 gebruik ik een verstoring waarvan het 
aannemelijk is dat ons brein er kennis van heeft: de zwaartekracht. Literatuur omtrent het 
sturen van bewegingen in het zwaartekrachtsveld laat zien dat in de aansturing van 
doelgerichte armbeweging de momenten van de zwaartekracht op de arm worden 
geanticipeerd (Crevecoer, et al. 2009; Gentili, et al. 2007). De vraag is of deze anticipatie tot 
stand komt op basis van een berekening van de momenten van de zwaartekracht op basis van 
een gepland bewegingstraject (a-priori-kennis). Om dit te onderzoeken heb ik elleboogrotatie 
gemeten in een opstelling die in zijn geheel (inclusief proefpersoon) gekanteld kan worden in 
het zwaartekrachtsveld. De proefpersonen maakten na een kanteling anatomisch gezien 
dezelfde elleboogrotatie, maar met andere momenten van de zwaartekracht op de onderarm. 
De resultaten van deze meting laten zien dat voor de eerste trial in nieuwe oriëntatie het 
stuursignaal niet specifiek is aangepast op de momenten van de zwaartekracht. Als in de 
tweede en de daaropvolgende trials a-posteriori-kennis van de momenten van de 
zwaartekracht aanwezig is, wordt het stuursignaal wel specifiek aangepast op bewegen in het 
horizontale vlak. Omdat ik vind dat specifieke a-priori-kennis van de momenten van de 
zwaartekracht niet werd gebruikt bij het genereren van een stuursignaal, lijkt het me niet 
waarschijnlijk dat proefpersonen op basis van geplande bewegingstrajecten de benodigde 
netto gewrichtsmomenten berekenden.  

Voor de eerste trial in een nieuwe oriëntatie ten opzichte van de zwaartekracht 
concludeer ik dat het stuursignaal niet specifiek is aangepast op de momenten van de 
zwaartekracht. Toch vind ik geen grote eindpuntfouten in deze trials. Om te onderbouwen dat 
deze resultaten niet strijdig zijn zal ik moeten laten zien dat de dynamische eigenschappen 
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van het perifeer motorisch systeem rond de elleboog grotendeels kunnen compenseren voor 
de momenten van de zwaartekracht op de onderarm. In hoofdstuk 4 valideer ik een eerder 
ontwikkeld spierskeletmodel van de elleboog (Kistemaker, et al. 2006) om een goede 
representatie te krijgen van de intrinsieke elastische eigenschappen van de spieren. In 
hoofdstuk 5 laat ik zien dat indien een model wordt gebruikt met een uitgebreide 
representatie van de visco-elastische eigenschappen van het perifeer motorisch systeem (uit 
zowel intrinsieke spiereigenschappen als uit de spierspoelfeedback), dit model voorspelt dat 
eindpuntfouten klein blijven in het geval dat het stuursignaal niet specifiek is aangepast op de 
momenten van de zwaartekracht. 

Hoofdstuk 4 omschrijft een experiment waarmee de moment-hoek relaties van de 
elleboog worden gemeten. Met deze moment-hoek relaties heb ik een eerder ontwikkeld 
spierskeletmodel van de elleboog (Kistemaker, et al. 2006) gevalideerd: dat wil zeggen dat ik 
de spierparameters van het model heb bijgesteld, zodat de door het model voorspelde 
moment-hoek relaties overeenkomen met de gemeten moment-hoek relaties. Het 
gevalideerde model geeft hiermee een realistische representatie van de elastische 
eigenschappen van het perifeer motorisch systeem rond de elleboog (de Vlugt, et al. 2006). 
En hiermee ook van de mate waarmee de elleboog kan compenseren voor een 
positieafhankelijk moment van de zwaartekracht. 

In hoofdstuk 5 wordt een vergelijking gemaakt tussen vier type modellen van de 
elleboog die in de literatuur over bewegingssturing zijn gebruikt voor het interpreteren van 
gemeten responses op een externe verstoring van een armbeweging. Deze modellen 
verschillen in de mate waarin de visco-elastische eigenschappen van het perifeer motorisch 
systeem worden gesimplificeerd. Voor elk type model werden drie soorten verstoringen in 
externe condities gesimuleerd: een positieafhankelijk extern moment (zwaartekracht), een 
snelheidsafhankelijk extern moment en een inertiële verstoring. Het stuursignaal werd niet 
aangepast op de verstoring. Ik vond dat de vier type modellen verschillende responses op een 
gegeven verstoring lieten zien. Bijvoorbeeld: het toevoegen van de zwaartekracht had weinig 
invloed op de eindhoek, indien een model wordt gebruikt met een gedetailleerde 
omschrijving van de visco-elastische eigenschappen. Dit in tegenstelling tot als er een meer 
gesimplificeerd model wordt gebruikt; dan wordt namelijk de eindhoek sterk beïnvloed door 
het moment van de zwaartekracht op de onderarm en is er een aanpassing in het stuursignaal 
nodig om de eindhoek te controleren voor het moment van de zwaartekracht. Dit betekent dat 
de conclusies omtrent bewegingssturing, die zijn afgeleid uit gemeten responses op een 
externe verstoring, afhangen van het type model dat wordt gebruikt om de visco-elastische 
eigenschappen van het perifeer motorisch systeem te omschrijven. 
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 In dit proefschrift laat ik zien dat door de regulerende visco-elastische eigenschappen 
van het perifeer motorisch systeem gedetailleerd kennis over de externe condities niet 
essentieel is voor het genereren van een stuursignaal voor point-to-point elleboogrotaties. Uit 
de experimenten blijkt dat proefpersonen hun stuursignaal wel aanpassen op kleine 
veranderingen in externe condities. Verder blijkt dat bij het aansturen van point-to-point 
elleboogrotaties specifieke a-priori-kennis over de momenten van de zwaartekracht op de 
onderarm niet wordt gebruikt. Dit ondermijnt het idee dat het brein de benodigde netto 
gewrichtsmomenten berekent vanuit een gepland bewegingstraject. Dat de proefpersonen hun 
bewegingen aanstuurden door een evenwichtspunt van het perifeer motorisch systeem in te 
stellen waarmee zowel de evenwichtshoeken als de stijfheid in dit punt wordt 
voorgeschreven, blijft een mogelijkheid. Hiermee kan met eindpuntsturing een goede 
verklaring worden gegeven voor het feit dat we in ons dagelijks leven onder steeds variërende 
omstandigheden onze doelgerichte armbewegingen kunnen aansturen. 
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Dit proefschrift was zeker niet tot stand gekomen zonder de hulp van een aantal mensen op 
de VU, mijn familie en mijn vrienden. In de eerste plaats wil ik mijn begeleiders bedanken.  

Knoek, je eigen gedrevenheid om bewegingswetenschappelijke vragen op te lossen 
heeft me al in mijn studententijd enthousiast gemaakt. Je wist altijd helder en met veel 
enthousiasme uit te leggen zodat het allemaal heel simpel leek. Dat je colleges daarmee nogal 
eens uitliepen deed er dan niet toe. Dat het eigenlijk allemaal niet zo simpel is, heb ik de 
laatste vier jaar gemerkt en ik wil je met name ook bedanken voor het geduld waarmee je 
toch iedere keer als ik de draad kwijt was me weer op het juiste pad hebt gezet.  

Jeroen, ook jouw enthousiasme voor onderzoek werkte aanstekelijk. Ik ben blij dat ik 
in jouw team heb gezeten. Tijdens alle thee- en lunchoverleggen die daar bijhoren heb ik veel 
kunnen leren op het gebied van perceptie en bewegen door met mijn mede-aio’s mee te 
denken. Ik wil je met name bedanken dat je me gesteund hebt op de momenten dat ik het 
eigenlijk niet meer zo zag zitten. 

Maarten, van jou heb ik geleerd hoe een fundamenteel onderzoeker denkt. Het is 
jammer dat we elkaar in dit project niet hebben kunnen vinden. Met name op het gebied van 
modelleren en simuleren had ik nog veel van je kunnen leren. Voor nu is het zoals het is en ik 
wil  je bedanken dat we in ieder geval met wederzijds respect dit project hebben afgerond. 
 Dinant, ondanks dat je geen onderdeel was van mijn begeleidingsteam heb je me 
gelukkig erg veel hulp gegeven voor wat betreft je EP-model. Dat deed je zonder dat er gelijk 
voor jou een belang aan vastzat en ik vind het ook erg passend dat je nu een van de 
opponenten bent in mijn leescommissie.  

Ook wil ik natuurlijk de overige leden van mijn leescommissie bedanken voor het 
kritisch lezen van mijn proefschrift. Dr. ir. A.L. Hof, dr. ir. R. Happee, dr. ir. F.T.J.M. Zaal 
en prof. dr. J.H. van Dieën, zonder jullie tijd en moeite was dit boekje nooit tot stand 
gekomen. 
 Natuurlijk was ik überhaupt nooit tot een meting gekomen zonder de bouwers van 
mijn opstellingen. Met name het bouwen van de kantelstoel bleek een nogal hoog gegrepen 
onderneming, iets wat ik aan het begin van mijn project niet had voorzien. De eerste 
opstelling waarmee ik de moment-hoek relaties van de elleboog gemeten heb, was gemaakt 
door Hans de Koning. Ook heeft hij een eerste prototype van de kantelstoel gebouwd. Door 
ervaring leert men en dit type bleek niet bestand tegen de krachten die orthogonaal op het 
vlak van meten stonden. Na een vernieuwd ontwerp van Micha kwam er een tweede 
kantelstoel die gebouwd is door Frans-Jozef en waar na verloop van tijd het nodige aan 
gesleuteld en bijgebouwd is door bijna het hele team: Richard, Hans Agricola, Leon, Siro en 
Frans. Bedankt voor jullie inzet! 
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Dan nog een stapje verder terug in de tijd; ik was nooit zo ver gekomen zonder mijn 
studiemaatje. Roos, het was soms wel even slikken om als 30-plusser weer terug de 
collegebanken in te gaan. We zijn nog opgegroeid in een tijd dat het al heel wat was dat we 
voor wiskunde een rekenmachine mochten gebruiken (dan zonder de grafische poespas van 
nu). Ja, digiallochtoon zijn we, in hedendaagse terminologie. Ik weet nog ons eerste 
computerpracticum, waarin we met een flinke dosis respect achter een van de student-pc’s 
plaatsnamen. Onze medestudenten maakten er nog gniffelend een grapje over: ‘Hij kan echt 
niet ontploffen als je op een verkeerde toets drukt, hoor!’ Na een paar weken kwamen ze toch 
echt met een bedeesd stemmetje bij ons vragen hoe wij de opdrachten hadden opgelost. Nee, 
digibeet waren we al heel snel niet meer!  

Verder heb ik het ook erg getroffen met de mensen die met mij op één kamer gezeten 
hebben: Femke, Krista, Bernadette, Pieter en Myrthe. Het was fijn om bij jullie advies te 
vragen of even mijn gedachten te spiegelen. Dit geldt natuurlijk ook voor de mensen uit de 
motorthee (Eli, Willemijn, Denise, Dimitris, Rebekka en Leonie).  

Bernadette, het was fijn om met jou op één kamer gezeten te hebben en te zien hoe je 
met je zelfvertrouwen regelmatig je eigen begeleider Andreas zijn ongelijk bewijst. (En als 
hij niet in de buurt is graag de hele gang doorloopt om hem persoonlijk te vertellen dat hij 
fout was.) Ik heb veel van je geleerd en ook veel plezier met je gehad. Ik hoop in de toekomst 
nog voor herhaling vatbaar? 
 Uiteindelijk wil ik nog wel een aparte alinea gebruiken om de mensen te bedanken die 
proefpersoon zijn geweest. De metingen duurden door de vele trials lang, ondanks mijn 
pogingen om het amusant te maken. De meesten van jullie hebben lijdzaam in de opstelling 
gezeten en sommigen maakten er gelukkig met wat bijdehante opmerkingen (ik noem geen 
namen) nog iets vermakelijks van! 
 Natuurlijk is dit dankwoord niet compleet zonder mijn moeder, zus en vrienden te 
noemen. Belangrijk om een keer tegen jullie te zeggen: bedankt voor jullie begrip. Het is 
soms moeilijk aan jullie uit te leggen waar ik mee bezig ben en waarom ik dit belangrijk vind. 
Ik had niet erg veel tijd voor jullie tijdens mijn promotietijd, maar ik ben blij dat ik de draad 
zo weer bij jullie op kan pakken. 
 Verder wil ik iedereen bedanken die ik nog niet genoemd heb en die me het afgelopen 
jaar geadviseerd of moed ingesproken heeft. Dan zijn hier ook de laatste woorden mee 
geschreven… 
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