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1.1.  MOTOR FLEXIBILITY IS A KEY FEATURE OF THE 
HEALTHY NEUROMUSCULAR SYSTEM

In daily life we reach and move objects of different size, shape and weight to different locations. 
While the gross appearance of reaching movements is the same, its’ details are modified 
depending on the constraints to the movement (e.g., target location, shape, weight of objects) 
[1,2]. The gross shape of a prehension movement to a glass in an upright position as compared 
to it lying on a table is the same but the orientation of the hand slightly changes to grasp the 
glass. Similarly, when rising from a chair, the height of the chair and size of the support surface 
modify the trajectory of the lower and upper extremity joints but the global appearance of the 
sit-to-stand movement remains invariant. Even when we repeatedly reach to the same location 
small changes in initial body postures lead to different motions at the shoulder, elbow, and 
wrist joint but the trajectory of the hand is the same between repetitions. This ability to adapt to 
small changes in the constraints to movement and perform the same motor task with different 
motions at the joints reflects a key feature of human motor behavior: motor flexibility [3–7].  

This flexibility in motor behavior is possible because the number of possible joint motions is 
usually more than actually needed to perform reaching, sit-to-stand and other tasks of our daily 
life [3]. Consider for example the task of pressing a button on a table. The goal of this task is to 
keep the finger on a pre-defined position on the table. There are two dimensional constraints 
to the task goal, the x and y coordinates of the fingertip position on the table. We can keep the 
fingertip on the button even if we flex or extend our elbow by adjusting the shoulder, wrist and 
finger angle. Imagine now that only elbow and wrist flexion-extension was possible during the 
same button-pressing task. In this case the number of possible joint motions equals the number 
of constraints to the task goal, that is, two. Any change in shoulder or elbow angle will move 
the fingertip away from the button. Hence there is only one possible combination in shoulder 
and elbow angle, which brings the fingertip on the button. If we add again a joint motion at the 
shoulder, different combinations in shoulder, elbow and wrist angles can be used for the same 
fingertip position. This example illustrates that if the number of possible joint motions exceeds 
the number of constraints to the task goal, different coordination patterns between joints can be 
used to perform that task. When we reach and move objects in daily life there are usually more 
than seven joints in the arm, determining the three-dimensional position of the hand in space. 
Hence the number of possible joint motions, the degrees of freedom, is more than absolutely 
necessary. Due to this redundancy in the available joints there is an infinite range of movement 
possibilities to perform the same reaching task. The question arises which coordination patterns 
are selected from the many possibilities during performance. 

When humans perform voluntary movements, the goal of the task and rules of performance, 
the environment in which we move, and the characteristics of our body define how we can 
coordinate our joints to achieve the task goal [1,2]. When we reach for an object at a given 
location, the length of our arm segments in combination with the distance to the target, the 

1
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initial body posture and any interference in the environment, define which joint coordination 
patterns can be used to bring the hand to the target. These constraints to movement can be 
categorized into task and intrinsic constraints (adapted from Hu and Newell, 2011; Newell, 
1986). Task constraints are defined by the goal of the task, rules of performance and the 
environment in which we move. The movement distance, required time to reach the target and 
metabolic costs associated with the movement are examples of task constraints. Other task 
constraints are the weight of an object, the size of the target or any obstacle in the environment. 
Constraints associated with our body are defined as intrinsic constraints. The given segment 
length, available muscle strength, level of fatigue, joint range of motion and actual body posture 
are examples of intrinsic constraints. Importantly, the constraints to movement interact with 
each other and based on this interaction a given coordination pattern can be observed during 
performance [1,2,8]. 

Summarizing, redundant joint degrees of freedom characterize human voluntary movements, 
including daily tasks such as reaching and rising from a chair. Motor redundancy provides humans 
with flexibility to successfully perform upper and lower extremity voluntary movements under 
different intrinsic and task constraints. The main research question of this thesis was whether and 
if so how age-related changes in intrinsic constraints affect flexibility in joint coordination during 
reaching and sit-to-stand movements. The hypotheses are based on two motor control perspectives, 
the internal model approach and the principle of motor abundance. Based on these frameworks 
the thesis examines two competing hypotheses with regard to age-differences in motor flexibility. 
Based on the internal model approach, detailed in the third section, the central hypothesis posits 
that age-related declines in neuromuscular functions impair flexibility in joint coordination 
during reaching and sit-to-stand. Based on the principle of motor abundance, detailed in section 
4, the alternative hypothesis states that age-related deficits in intrinsic constraints facilitate the 
emergence of alternative coordination patterns leading to an increase in motor flexibility during 
old adults’ reaching and sit-to-stand performance.  

To test these hypotheses, we established age-differences in motor flexibility during repeated 
performance of challenging reaching and sit-to-stand tasks in four experimental studies 
(Chapter 2 – 5). We chose reaching and sit-to-stand tasks because these are fundamental 
activities of daily living, performed frequently under different task constraints.    

1.2.  HEALTHY AGING IMPAIRS NEUROMUSCULAR 
FUNCTIONS AND MOTOR PERFORMANCE

Healthy aging, the disease-free progression of life, affects functions of the central and peripheral 
neuromuscular system. Healthy old as compared to young adults have fewer and smaller muscle 
fibers resulting in 10% per decade decline in maximal voluntary force and power [9–15]. Age-
related degradation in connective tissue and articular cartilage leads to joint stiffening and 

general introduction

1



522461-L-bw-Greve522461-L-bw-Greve522461-L-bw-Greve522461-L-bw-Greve
Processed on: 20-8-2018Processed on: 20-8-2018Processed on: 20-8-2018Processed on: 20-8-2018 PDF page: 12PDF page: 12PDF page: 12PDF page: 12

12

limitations in the available joint range of motion in which old adults can move [16,17]. Age-
related remodeling of motor units leads to an increased number of muscle fibers per motor 
unit impairing the old adults force coordination abilities [18–21]. Furthermore old adults have 
fewer and smaller afferent fibers[22], a reduced motor cortical inhibition [23–26], more white 
matter lesions[27–30] and impaired central nervous system connectivity [31–33]. This loss in 
functional and physiological degrees of freedom with aging has been associated with a general 
decline in old adults’ motor performance. Healthy old as compared to young adults perform 
reaching and sit-to-stand tasks slower and less smoothly, execute gross postural and fine finger 
movements less accurately, show impaired performance of bimanual motor tasks and are less 
able to adapt to systematic errors in new motor tasks [30,34–49]. The age-related deficits in 
intrinsic constraints and the decline in kinematic performance measures with aging motivates 
the idea that healthy aging also impairs flexibility in joint coordination. 

1.3.  HEALTHY AGING IMPAIRS FLEXIBILITY IN JOINT 
COORDINATION. AN INTERNAL MODEL APPROACH

The idea of a direct link between age-related deficits in neuromuscular functions and flexibility 
in joint coordination is in line with motor control theories such as the internal model approach 
[50–53] (Figure 1). The idea is that the neuromuscular system restricts the available degrees 
of freedom and chooses a specific coordination pattern for a given motor task. This unique 
coordination pattern is chosen to minimize the required effort associated with the task (e.g. 
metabolic costs) [50–54]. During movement inverse and forward models are used to minimize 
deviations from the desired joint trajectories in space. Internal models are neurophysiological 
structures which reside in distinct areas of the central nervous system such as the cerebellum 
[50,55–59].

Based on the internal model approach humans define a desired, optimal trajectory of 
consecutive shoulder, elbow and wrist positions before they start and move the hand in space 
[50] (Goal in Figure 1). Given the actual and desired joint positions inverse models are used 
to calculate the required inputs into the alpha-moto-neuronal pools at a given point along the 
movement path to achieve the desired muscle activity and joint trajectories in space. Based 
on these computations, motor commands are generated by the central nervous system (motor 
command generator) to activate the corresponding motor units. To generate adequate motor 
commands the central nervous system requires an estimate of the actual length, velocity and 
force of the muscles in the shoulder, elbow and wrist joint. This sensory information provides 
an estimate of the actual joint positions and state of our body in the environment (“belief 
about the state of our body” in Figure 1). Two distinct sources provide the central nervous 
system with this sensory information. First, central and peripheral feedback loops (e.g. muscle 
spindles and the cerebellum) measure the actual level of muscle activity, muscle length and 

1
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joint positions. However, measured sensory information is delayed in time and corrupted by 
noise. To compensate for the delayed and noisy feedback signals feedforward models are used. 
Feedforward models use information from the generated motor commands to predict the 
sensory consequences and expected change in muscle length and joint positions. The predicted 
sensory information is combined with the actually measured sensory information to provide 
an estimate about the actual state of our body and joint positions in space. Age-related changes 
in the neuromuscular system would impair the accuracy of the actual state of our body through 
feedforward models leading to an inaccurate estimate of the actual joint positions.

Figure 1. The internal model approach to movement control [50].

 

The age-related change in intrinsic constraints affects the relation between the generated motor 
commands and the sensory consequences. This change in input-output relation results in an 
increased discrepancy between expected and actually measured sensory consequences [33,59,60]. 
For example, old as compared to young adults have fewer motor units and the available motor 
units innervate a larger number of muscle fibers [18–21]. Activating an old, remodeled motor 
unit as compared to a healthy young motor unit at the same frequency would lead to a higher 
level of muscle activity and faster change in muscle length. This age-related change between 
generated motor commands and actual sensory consequences leads to inaccurate forward 
model predictions and inaccurate estimations about the actual state of the body. 

There might be two adaptation mechanisms which old adults could use to compensate for 
inaccurate estimations in the actual body positions through feedforward models. First, old 
adults might rely more on the measured sensory information [35,36,61,62]. However, measured 
sensory information is delayed in time and corrupted by noise. Therefore, more reliance on 
delayed and noisy feedback signals seems undesirable to improve accuracy in the estimation 
of the actual body positions during fast reaching movements. Alternatively, old adults might 
update existing forward models based on the age-related change in the relation between motor 
commands and sensory consequences. However, this adaptation process is probably impaired 

general introduction
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as well by age-related dysfunctions in the cerebellum and a loss of central nervous system 
connectivity [22,26,32,33,55]. Hence, based on the internal model framework, we hypothesized 
that age-related deficits in neuromuscular functions impair the control of individual degrees of 
freedom and therefore flexibility in joint coordination during reaching, sit-to-stand and other 
motor tasks. Age-related deficits in motor flexibility impair reaching accuracy and sit-to-stand 
stability in daily life possibly leading to task failure and falls. 

Following this line of reasoning, recent studies comparing old and young adults’ motor flexibility 
during reaching, sit-to-stand, standing balance, walking and multi-finger force coordination 
tasks provide somewhat unexpected results [38,63–75]. Overall these studies report inconclusive 
findings on whether and if so how the age-related reductions in neuromuscular function might 
affect motor flexibility. Even for similar reaching tasks, studies reported opposing results. For 
example, Verrel et al. (2012 ) and Dutta et al (2013) reported less whereas Krüger et al (2013) 
reported greater and Xu et al. ( 2013 ) similar motor flexibility in old and young adults’ reaching 
behavior [38,63–65]. These studies imply that there is not a general decline in motor flexibility 
with aging. Instead, the inconclusiveness in previous studies might suggest that individual 
differences in the characteristics of the young and old adults’ neuromuscular system interacted 
with the details of the reaching tasks leading to individual and task specific age-differences in 
joint coordination patterns.   

The following paragraph will introduce the principle of motor abundance as an alternative to 
the internal model approach and provide a framework to predict how age-related changes in 
intrinsic constraints affect flexibility in joint coordination during reaching, sit-to-stand and 
possibly other motor tasks. 

1.4. THE PRINCIPLE OF MOTOR ABUNDANCE 

The principle of motor abundance assumes that having more degrees of freedom than absolutely 
necessary to perform a given motor task is an advantage [4,76]. Abundance means that there is 
something extra but that this extra is actually nice to have rather than needless (or redundant). 
The idea is that our neuromuscular system does not restrict a certain range of the available 
degrees of freedom by selecting a single coordination pattern. Instead, the neuromuscular 
system makes use of the many degrees of freedom to use a range of different but equivalent 
coordination patterns for the same movement [4,6,7,77]. Hence there are abundant rather than 
redundant degrees of freedom.

Having a range of movement possibilities for the same task is an advantage because it improves 
the neuromuscular systems’ capacity to maintain task success in case of an unexpected change 
in the actual constraints to movement or internal (e.g. noise) and external perturbations. 

1
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Imagine to place a full cup of coffee on a table. During this task, the horizontal position of the 
cup needs to be stabilized to prevent spilling content (content which is so relevant to finish a 
PhD). Imagine now that at a given point along the movement path an external perturbation 
leads to an undesired change in shoulder, elbow or wrist position (e.g. by another person). If we 
would have only one possible combination in joint positions to stabilize the horizontal position 
of the cup we could not adapt to the perturbation and spill the coffee. However, if we allow 
different coordination patterns to emerge while moving, the horizontal position of the cup 
can be stabilized against the perturbation through small coordinated adjustments among the 
shoulder, elbow and wrist joint. Hence, motor abundance allows us to safely and successfully 
perform reaching and sit-to-stand movements in daily life environments where the actual 
constraints to movement are unpredictable and frequently change. This idea of performance 
stability through flexibility might be interpreted in the context of a dynamical systems approach 
[1,2,8,78–81].

During fast reaching movements, the constraints of the task (e.g. target location) and our body 
(e.g. segment length) define the desired trajectory of the hand in space [1,2].  At each point along 
this movement path is a given joint range within which small changes in the shoulder, elbow and 
wrist positions do not affect the position of the hand in space (Figure 2). Within this solution 
space the shoulder, elbow and wrist joint co-vary and all possible joint combinations form 
equivalent motor solutions for the same task. During performance, the individual degrees of 
freedom converge to this solution space leading to joint coordination patterns which best satisfy 
the actual constraints to movement [1,2,8,78,79,82,83]. The details of the solution spaces evolve 
during performance based on the actual state of the moving body (e.g. level of muscle activity) 
and the constraints to movement. A fluent, goal-directed movement might be described as the 
transition between consecutive solution spaces [83]. This form of performance stability through 
flexibility allows the neuromuscular system to adjust individual joint positions in response to 
unexpected changes in movement constraints or small perturbations without compromising 
task success.

Based on this framework, the idea emerges that age-related deficits in intrinsic constraints (e.g., 
muscle strength) change the interaction between the actual constraints to movement leading 
to age-differences in motor flexibility. We hypothesized, that if age-related deficits in intrinsic 
constraints compromise stability of task important variables old as compared to young adults 
increase co-variation among the involved joints and employ a larger range of the available 
coordination patterns. Using a larger range of different coordination patterns for the same task 
would allow old adults to guarantee reaching and sit-to-stand stability in daily life environments 
despite deficits in neuromuscular functions.      

general introduction
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Figure 2. Goal equivalent coordination patterns.

Y

X

Within this pointing task there are three possible joint motions and two dimensional constraints to the task goal (x and y 
coordinates of the target). The same pointertip position can be achieved with different joint configurations (solid vs dashed 
segments). The solution space contains all joint configurations leading to the same pointertip position [6]. 

1.5. THE UNCONTROLLED MANIFOLD METHOD

Bernstein (1967) provided the first experimental evidence for the principle of motor abundance 
[3]. During his experiment Bernstein asked professional blacksmiths to repeatedly hit a chisel 
with their hammer. The idea was that if the neuromuscular system employs a unique optimal 
motor solution, these highly trained blacksmiths would have discovered this solution and use 
it during actual performance. However, Bernstein observed that trial-to-trial variability in the 
joints was relatively large while the trajectory of the hammer tip position was kept fairly constant 
between repetitions. The main conclusion of this observation was that the neuromuscular 
system does not employ unique optimal coordination patterns. Instead, individual joints co-
varied to stabilize the hammer tip at the desired trajectory in space.

Based on the findings from Bernstein in 1967 many experimental studies with more sophisticated 
experiments and analytical techniques followed and provided further evidence for the principle 
of motor abundance [5–7,82]. In 1995 the concept of the uncontrolled manifold (UCM) method 
was introduced to study flexibility in joint coordination during functional motor tasks [81]. 
When repeatedly performing the same reaching task, the UCM method makes it possible to 
decompose trial-to-trial variability in joint motions into those coordination patterns stabilizing 
the trajectory of the hand in space (coordination patterns within the solution space (VUCM) or 
goal equivalent variability (GEV)) and coordination patterns causing a deviation of the hand 
position away from the mean value (variability orthogonal to the solution space (VORT) or non-
goal equivalent variability (NGEV); Figure 3). Recall the button pressing example from the 
second paragraph. All combinations in joint positions not affecting the position of the fingertip 
would be attributed to GEV. Those joint configurations moving the fingertip away from the 
button would be attributed to NGEV. The amount of GEV reflects the extent to what our 

1
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neuromuscular system makes use of the available range of possible motor solutions to stabilize 
task important variables at the mean. NGEV reflects the extent to what the neuromuscular 
system employs coordination patterns leading to a change in task important variables from 
the mean value. Based on these definitions large values of GEV imply that the neuromuscular 
system has a larger capacity to stabilize task important variables in case of unexpected changes 
in the actual constraints to movement [5–7,82].

Figure 3. Variability components GEV and NGEV in UCM analyses.

Goal-equivalent Non goal-equivalent

Examples of goal equivalent (dashed black lines) and non-goal equivalent variability (dashed red lines) during reaching 
and sit-to-stand movements with the end-effector and whole body center of mass position (dark filled dot and grey dot) as 
performance variable of primary importance. 

The UCM method has been tested and elaborated in various methodological and experimental 
studies involving sit-to-stand, reaching, jumping, balance and multi-finger force coordination 
tasks [5,69,84–97]. For example, Scholz and Schöner (1999) showed that when healthy young 
adults repeatedly performed sit-to-stand tasks the lower and upper extremity joints co-varied 
to stabilize the whole-body center of mass position within the base of support (large GEV, 
low NGEV) [5]. The whole body center of mass position is the key variable, which needs to 
be controlled to during sit-to-stand movements [98]. Furthermore, UCM measures have been 
shown to be sensitive to changes in task constraints and external perturbations [99–103]. For 
example, when healthy young adults performed a bi-manual coordination task in addition to a 
standing balance task GEV increased more than NGEV to guarantee COM stability [99]. Hence, 
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the additional coordination constraint interacted with the actual constraints to movement 
leading to a compensatory increase in motor flexibility.   

In the current thesis we used the UCM method to establish whether and if so how age-related 
changes in the constraints to movement affect flexibility in joint coordination during reaching 
and sit-to-stand. We proposed that age-related deficits in task relevant neuromuscular functions 
lead to a compensatory increase in GEV during reaching and sit-to-stand tasks. There have 
been previous attempts to establish whether healthy old as compared to young adults differently 
employ flexibility in joint coordination [38,63–74]. However, these studies revealed inconclusive 
findings during even similar motor tasks and used rather simple motor tasks without changes in 
task constraints. We tested the hypothesis that healthy old adults employ larger motor flexibility 
when the actual constraints to movement challenge stability of task performance. During daily 
life, reaching and sit-to-stand tasks are performed under various accuracy, force and balance 
constraints. Therefore we manipulated accuracy, force and balance constraints during repeated 
sit-to-stand and reaching performance to establish age-differences in motor flexibility. 

1.6. OUTLINE OF THE THESIS

The first experiment in chapter 2 established how healthy young as compared to old adults 
made use of flexibility in joint coordination to stabilize the whole body center of mass position 
during repeated chair rises. Based on the acquired results we established whether healthy old 
as compared to young adults differently adapt flexibility in joint coordination to guarantee a) 
reaching accuracy under high accuracy and force demands (chapter 3 and 4) and b) center of 
mass stability during repeated chair rises under high force and balance demands (chapter 5). 
Chapter 6 provides a general discussion and conclusion of our findings. 
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Not all is lost: Old adults retain 
flexibility in motor behaviour 
during sit-to-stand.    

 
Christian Greve, Wiebren Zijlstra, Tibor Hortobágyi, Raoul M. Bongers  
PLoS One. 2013 Oct 25;8(10):e77760

ABSTRACT
Sit-to-stand is a fundamental activity of daily living, which becomes increasingly 

difficult with advancing age. Due to severe loss of leg strength old adults are 

required to change the way they rise from a chair and maintain stability. 

Here we examine whether old compared to young adults differently prioritize 

task-important performance variables and whether there are age-related 

differences in the use of available motor flexibility. We applied the uncontrolled 

manifold analysis to decompose trial-to-trial variability in joint kinematics into 

variability that stabilizes and destabilizes task-important performance variables. 

Comparing the amount of variability stabilizing and destabilizing task-important 

variables enabled us to identify the variable of primary importance for the 

task. We measured maximal isometric voluntary force of three muscle groups 

in the right leg. Independent of age and muscle strength, old and young 

adults similarly prioritized stability of the ground reaction force vector during 

sit-to-stand. Old compared to young adults employed greater motor flexibility, 

stabilizing ground reaction forces during sit-to-sand. We concluded that freeing 

those degrees of freedom that stabilize task-important variables is a strategy 

used by the aging neuromuscular system to compensate for strength deficits. 
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2.1. INTRODUCTION

Sit-to-stand is a fundamental activity of daily living performed up to 70 times a day [1,2]. Yet 
over 60% of nursing home residents report difficulty in transferring in and out of a chair and bed 
[3]. Successful and safe completion of the sit-to-stand task requires sufficient leg strength and 
adequate coordination of multiple body segments [4,5].  A critical element of this coordination 
is the transfer of trunk momentum generated just after lift-off into anterior-posterior and 
vertical movements of the center of mass (CoM) coupled with properly scaled and timed ground 
reaction forces (GRF) [5,6]. It is reasonable to expect that the age-related ~50% decline in 
maximal voluntary force in hip, knee, and ankle muscles affects motor coordination during sit-
to-stand [7,8]. Due to the decline in maximal leg strength, healthy old compared to young adults 
use twice as much of the available leg strength and operate at 80-100% of maximum muscular 
capacity [9,10]. This high physiological demand forces old compared with young adults to adjust 
the way they stand up from a chair and seek stability. Old adults generate  larger trunk flexion 
just before lift-off, decrease peak GRF, and  impart less of the propulsive power to the CoM 
[4,11-14]. The present paper aims to establish whether these adaptations affect old adults in their 
choice of the primary performance variable and whether there are age-related differences in 
flexibility of motor behaviour during the sit-to-stand task. 

In the current study we explored the idea that old compared to young adults use different motor 
coordination strategies during the sit-to-stand task as a compensatory mechanism for physical 
impairments [4,12,13,15]. The function of this altered coordination would be to increase stability 
of task-important performance variables, a concept proposed previously in conjunction with 
the sit-to-stand task but not tested in old adults [16,17]. Using the uncontrolled manifold (UCM) 
analyses, these authors suggested that the CoM position [16,18] and momentum [17,19] were 
the critical kinematic and kinetic variables stabilized by the neuromuscular system during 
sit-to-stand. Here we extend these findings and apply, to our knowledge for the first time, a 
comparative UCM analysis of the sit-to-stand task between young and old adults. Based on 
previous findings and the kinematic and kinetic events during sit-to-stand we chose to examine 
the CoM, head position, GRF and linear and angular momentum of the CoM as performance 
variables [6,16-19].  

The UCM analysis, as compared to other measures such as pair-wise correlation or bivariate 
covariance analysis, enables to study motor coordination patterns that involve multiple degrees 
of freedom (DOF) [20,21]. This feature is essential when studying motor coordination patterns 
during functional tasks involving multiple body segments such as sit-to-stand. Within the UCM 
analysis it is assumed that the neuromuscular system acts in a state space of elemental variables 
(e.g. joint angles) and makes use of all available DOF to enable stable but flexible control of task-
important performance variables (e.g. CoM) [21]. Accordingly, numerous degrees of freedom 
form an advantage for the neuromuscular system during accurate performance of motor tasks 
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which is known as the “principle of motor abundance” [21,22]. Elemental variables are defined 
as those degrees of freedom that can be changed independent of each other [21]. Performance 
variables are those variables that the neuromuscular system controls to achieve successful 
execution of a motor task [18,21]. As detailed elsewhere, the UCM analysis decomposes trial-to-
trial variability in elemental variables into variability within the uncontrolled manifold (VUCM) 
and variability deviating from this uncontrolled manifold (VORT) [18,21,23]. VUCM quantifies the 
extent to which elemental variables co-vary to stabilize a performance variable around its mean. 
VORT represents the extent to which elemental variables destabilize a performance variable away 
from its mean position. The value of the ratio VUCM/VORT (VRATIO) indicates to what extent the 
neuromuscular system makes use of motor abundance to stabilize a performance variable and 
identifies the performance variable of primary importance [18,21]. Of particular relevance of 
the UCM analysis to the present study is its ability to detect age-related changes in the flexibility 
of the motor behaviour [21,24-27]. Therefore, the purpose of the current study was to establish 
the performance variable of primary importance and whether old differed from young adults in 
the flexibility of their motor behaviour as they perform the sit-to-stand task. 

Based on data from previous studies, the emerging hypothesis is that young and old adults 
most likely prioritize stability of different performance variables due to the well-characterized 
age-related differences in neural, musculoskeletal, and physiological aspects [7-10,28]. Thus we 
hypothesize that: 1) the sagittal plane kinematics of the CoM is the performance variable of 
primary importance in young adults [18,29]; 2) the GRF vector is the performance variable 
of primary importance in old adults [6,8,14]. Concerning the age-related differences in the 
flexibility of motor behaviour we refer to two competing ideas: The first idea is based on several 
studies using UCM analyses which reported that old compared with young adults employ a 
less flexible motor behaviour during a variety of motor tasks [24-27,30]. These findings suggest 
that motor flexibility might also be poorer in old adults during sit-to-stand tasks. The second 
idea is based on the notion that in these previous studies task demand was low and similar for 
young and old adults [24-26,30]. Considering that even healthy old adults perform the sit-to-
stand task at 80-100% of maximum knee moment [9,10], the possibility exists that, unlike in 
low demanding tasks, flexibility in motor behaviour increases in compensation for muscular 
strength deficits. A similar concept has been proposed in previous studies, which documented 
that healthy young adults employ a more flexible motor behaviour when standing up under 
more challenging task conditions [16,17]. Based on these two notions we hypothesize, 3) that 
old compared with young adults differ in their flexibility of motor behaviour but based on the 
literature we cannot predict a direction of this difference.

not all is lost: old adults retain flexibility in motor behaviour during sit-to-stand. 
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2.2. METHODS

2.2.1. Participants
In total 15 healthy young (23.8±2.2 years; 8 males and 7 females) and 11 old (76±5.1 years; 6 males 
and 5 females) adults participated in the study. Participants were excluded from the experiment 
when they suffered any neurological disease affecting motor function, arm or leg pain, 
musculoskeletal impairments, other than strength deficits, affecting sit-to-stand performance, 
fear of falling, and a fall during sit-to-stand in the last six months.  To be included, participants 
had to be able to consecutively rise 25 times from a chair set at 100% of each subject’s lower leg 
length.

2.2.2. Ethics Statement
The ethics committee in the Center for Human Movement Sciences, University Medical Center 
Groningen approved the study that was conducted according to the principles expressed in the 
Declaration of Helsinki. Before the start of the study, each participant read and signed a written 
informed consent. 

2.2.3. Experimental set-up
This study focused on the sagittal plane analysis of the sit-to-stand task. We collected data with 
an Optotrak motion capture system consisting of two cameras and a Kistler force platform. The 
two systems were synchronized through an analog-to-digital converter that sampled the data 
at 100Hz. 11 LEDs were placed on the participants’ right side: on the base of 5th metatarsal, 2 
cm inferior to lateral malleolus, lateral femoral epicondyle, greater femoral trochanter, inferior 
to lateral aspect of acromion process, lateral humeral epicondyle just superior to radiohumeral 
junction, styloid process of radius, immediately anterior to external auditory meatus, skin of 
left pelvis approximately 20% of distance from greater trochanter to shoulder and one-third of 
the distance from posterior to anterior iliac spine (L5/S1 junction), posterior trunk at thoracic 
vertebra 12 and cervical vertebra 7.

2.2.4. Experimental procedure

Isometric strength profiles
At the start of the experiment each participant’s maximal isometric strength on the right side 
was measured in the following muscle groups using a handheld dynamometer as detailed 
previously [31,32]: ankle dorsiflexor, knee extensors and flexors, and hip extensors and flexors. 
Symmetry in leg strength between right and left side was assumed.  Participants warmed up 
by performing three contractions for each muscle group at 50-60% of maximum followed by 
three maximum effort isometric contractions for 4 s with each muscle group. There was 10s rest 
between the warm-up trials and 30 s of rest between the maximum effort isometric contractions. 
Participants did not report fatigue. The mean of the maximum effort isometric contractions for 
each muscle was used in the analysis. 
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Sit-to-stand task
Participants sat on a chair without armrests. Chair height was set at 100% of each subject’s lower 
leg length using the fibula head as a reference point. Participants were instructed to sit upright 
and place their hands on the thighs and both feet on the force plate in front of the chair. Feet 
were placed symmetrically next to each other at shoulder width. The starting position of the 
trunk, head, arm, leg, and feet placement was standardized for each individual participant and 
checked, and corrected as needed, before each trial. 

After a verbal “GO” signal, participants rose at a self-chosen comfortable speed.  They were free 
to reposition their arms but were not allowed to push with their hands on the thighs or swing 
the right arm. Once upright, participants remained in that position for 2 s. The analysis focused 
on the rising phase of the sit-to-stand task. Each participant performed 25 sit-to-stand trials. 
There was 5 s of rest after each trial, and, if the participant needed, 1 min of rest after 10 trials.

2.2.5. Data analysis 
Coordinate data of each marker and force plate data were filtered using a bi-directional 4th 
order low-pass Butterworth filter with a cut-off frequency of 6 Hz. Marker coordinates were 
processed to calculate joint angles and angular velocities of the foot, ankle, knee, hip, trunk, 
head, shoulder, elbow and wrist in the sagittal plane. Customized data analysis programs were 
run in MATLAB R2012. Duration of each sit-to-stand trial was determined by the initiation of 
forward trunk movement and end of trunk motion, defined by a threshold of angular change of 
.009 radians within 5 ms. Accuracy of the algorithm in event detection was visually controlled 
for each sit-to-stand trial. Lift-off was determined as the point in time at which a directional 
change of the trunk motion from flexion to extension occurred [33]. Based on event detection of 
the initiation and end of the sit-to-stand movement each sit-to-stand trial was time-normalized. 
The variability components VUCM, VORT and VRATIO (VUCM/VORT) of the time normalized sit-to-
stand trials were partitioned into three phases (preparatory phase (1-30%), lift-off (31-60%) and 
extension phase (61-100%)) and averaged across these phases for all performance variables. Data 
analysis and interpretation of the results focused on the lift-off and extension phase of the chair 
rise.

2.2.6. Mechanical demands
We performed a 2D analysis and through linear and angular Newtonian equations computed 
knee and hip joint moment [34]. The peak knee and hip extensor moments were normalized by 
body mass. The CoM and moment of inertia of each segment were calculated based on mass and 
sex of each subject [34]. We used these data to quantify the age-related differences in mechanical 
demand during the sit-to-stand task.

not all is lost: old adults retain flexibility in motor behaviour during sit-to-stand. 
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2.2.7. Performance variables

Sagittal plane CoM
The location of the whole body CoM was calculated based on the participants body-segment 
lengths and the estimated locations and proportions of segmental masses [34]. The sagittal 
plane CoM position was calculated by 8 segmental angles with the horizontal  (foot, shank, 
thigh, trunk, upper arm (ua) and lower arm (la)). The CoM position in the sagittal plane was 
calculated by using equation 1:

Where x-toe is the position of the foot in the anterior-posterior-direction, CoMi the estimated 
locations of the CoM on the ith segment, m the proportion of total body mass of each segment, 
l the length of the segment and θ the segmental angle. Grand means of segmental length based 
on all trials to be representative of a constant segmental length were used. 

Vertical and anterior-posterior ground reaction force
Vertical and anterior-posterior GRF data were derived from the Kistler force-plate. Analyzed 
peak vertical GRF data were normalized by body weight in kg.

Linear and angular CoM momentum
The linear CoM momentum was calculated using equation 2:  
2.) 	 vmL *=  

Where m is the mass of the subject in kilograms and v is the velocity of the CoM of the body 
in meters per second. Angular momentum of the CoM was calculated using equation 3: 
3.)

 
	

∑ ×+= ))*)8*(*( xvidimiiIiH ω  

Where mi is the mass of the ith segment, i the angular velocity of the ith segment, Ii the 
moment of inertia of the ith segment, di the vector from the ith segment CoM relative to the 
total body CoM and vi the velocity of the ith segment CoM relative to the velocity of the total 
body CoM.

Head position
Head position in space was defined by the coordinates of the marker positions immediately 
anterior to the external auditory meatus.

Mean phase standard deviation of performance variables
To determine age-related differences in variability of performance variables across trials, we 
computed standard deviations of performance variables at each percentage of the movement 

2

la)-( cos * la-l * la-m * .CoM… + shank)-( cos *shank -l *shank -m * CoM                 
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trajectory. The standard deviations were then averaged across the phases (1-30%, 31-60% and 61-
100%) of the sit-to-stand movement. However, if consistency of performance variables underlies 
multi-joint coordination patterns was established by comparing the different UCM components 
(VUCM and VORT) with respect to the UCM of each performance variable [18].  

2.2.8. UCM analysis 
Analyzing motor tasks with the UCM approach follows the execution of the following steps 
[18,21]: 1.) Selection of elemental variables: Depending on the motor task under scrutiny different 
elemental variables can be chosen to define the system’s state space and analyzed whether they 
flexibly stabilize a hypothesized performance variable; 2.) Selection of performance variables: 
A variable which is affected by changes of a set of chosen elemental variables can be selected as 
performance variable for the analysis of a motor task; 3.) Creating a linear model of the system: 
Relations between small changes in elemental variables and the selected performance variables 
are computed and united in a Jacobian matrix. After computation of the Jacobian, its null-space 
is used as a linear approximation of the UCM; 4.) Partitioning variance into VUCM and VORT: A 
hypothesis about a variable being a controlled variable is supported if VUCM is higher than VORT, 
that is the ratio VUCM/VORT (VRATIO) is larger than 1. 

Selection of elemental and performance variables
Elemental variables were sagittal plane joint angles and angular velocities of the foot, ankle, 
knee, hip, trunk, head, shoulder and elbow. Performance variables were the sagittal plane 
anterior-posterior and vertical CoM, head and GRF and the anterior-posterior, vertical and 
angular CoM momentum. Accordingly for the calculation of the CoM, head and GRF the 
elemental variables consisted of eight degrees of freedom and for the calculation of the CoM 
momentum the elemental variables consisted of 16 degrees of freedom. Note that analyzing the 
anterior-posterior and vertical dimensions of the performance variables separately does not 
mean that those dimensions are controlled independently by the neuromuscular system [18]. 
However, a previous study suggested to analyze these dimensions separately in order not to miss 
potential significant stabilizing effects produced by each dimension [18]. 

Creating a linear model of the system
In order to relate changes in elemental variables to changes in performance variables, it is 
necessary to obtain the geometrical models linking the position of the performance variable 
to the state space configurations. However, recent UCM studies suggested that multiple linear 
regression (MLR) analysis might also be a valid tool for computing the Jacobian [35,36]. Freitas 
et al (2010) showed that MLR is valid for calculating the Jacobian of the sagittal plane CoM 
and anterior-posterior center of pressure with three DOF in healthy persons during a standing 
balance task [36]. However, it is not established yet if MLR is a valid method in an eight DOF 
analysis in young and old adults during a sit-to-stand task. Therefore we examined whether 
calculation of the Jacobian by MLR was valid for the anterior-posterior CoM in an eight DOF 

not all is lost: old adults retain flexibility in motor behaviour during sit-to-stand. 
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system. We thus compared the results from the traditional geometric model approach with the 
results from the MLR analysis. The online supplements show the geometric model of the CoM 
and methodological details, results, validation, and discussion on the MLR analysis (Methods 
S1, Results S1 and Discussion S1). We demonstrated that there was no statistically significant 
difference between the two approaches; hence, we used MLR for the UCM analysis. 

Partitioning Variance into VUCM and VORT

The decomposition of variability in the state space of elemental variables was based on 25 chair 
rise trials (N). Acquired values of all performance variables were time-normalized with a cubic 
spline interpolation and partitioned into 100 equidistant time intervals. For each time interval, 
we computed the mean state space configuration (M(t)) across trials. For each particular time 
interval, the corresponding state space configuration (Ak(t)) was subtracted from the M(t) 
obtaining Δk(t) [M(t) – Ak(t)]. Delta k (Δk) represents the variance of the joint configuration 
of the kth trial from the mean joint configuration at each time interval (t). Next, the elemental 
variables of the state space configuration were decomposed into two components, variance 
along the UCM (ΔkUCM) and variance orthogonal to the UCM (ΔkORT) [18,23]. The UCM was 
the null-space of the Jacobian. The null space of the Jacobian matrix represented the changes 
of state space configurations that stabilized the control variable on the mean position (VUCM). 
The online supplements (Methods S1) show further details on partitioning variance into VUCM 
and VORT. 

The ratio VUCM/VORT (VRATIO) was computed at each percentage of the normalized chair rise 
trajectory for each participant. If VRATIO is larger than 1 for a proposed performance variable, 
this implies that variability in elemental variables is organized in a way to stabilize that 
specific performance variable around its mean across repetitions [21]. More variability in 
elemental variables is organized parallel to the UCM (VUCM) than orthogonal to the UCM 
(VORT). Accordingly, there is a larger amount of variability which stabilizes the performance 
variable than variability which destabilizes the performance variable. When comparing several 
performance variables with each other, the performance variable of primary importance is the 
one with the highest VRATIO [21]. 

2.2.9. Standard deviation of joint position data
In order to relate age-related differences in flexibility of motor behaviour to kinematic 
adaptations in elemental variables, we also analysed the age-related differences in variability 
of joint position data across trials. Standard deviations of joint position data were computed 
at each percentage of the movement trajectory across trials and averaged across sit-to-stand 
phases.
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2.2.10. Statistical analysis 
The statistical analysis of the UCM components VUCM, VORT and VRATIO (VUCM/VORT) focused on 
the lift off (31-60%) and extension phases (61-100%) of the sit-to-stand task for all performance 
variables. 

Group characteristics, sit-to-stand strategies and mechanical demands
To give a description of our groups and describe sit-to-stand strategies and mechanical demands 
we conducted for each of the dependent variables, BMI, the five strength measurements, sit-to-
stand strategy (duration, peak trunk flexion and peak vertical GRF) and mechanical demands 
(peak knee and hip joint moment), a one-way ANOVA with age (young and old) as between 
subject factor (SPSS v. 20.0). 

Mean phase standard deviation of performance variables 
To examine mean phase standard deviations of performance variables we performed one 
repeated measures ANOVA on mean standard deviations of performance variables with 
performance variable (anterior-posterior and vertical dimension of the CoM, head, GRF and 
linear momentum and the angular momentum) and phase (31-60%  and 61-100%)  as within-
subject factors and age as between-subject factor. 

Performance variable of primary importance
To test hypotheses 1 and 2, we performed a repeated measures ANOVA on VRATIO with 
performance variable and phase as within-subject factors and age as between-subject factor.

Age-related differences in f lexibility of motor behaviour
To test hypothesis 3 we performed a repeated measures ANOVA on variability per DOF with 
UCM component (VUCM and VORT), dimension (anterior-posterior and vertical) and phase 
as within-subject factors and age as between-subject factor for the performance variable of 
primary importance. 

Standard deviation of joint position data
To examine how motor flexibility is employed by the elemental variables, a repeated measures 
ANOVA was performed on standard deviations of joint position data with joint (foot, ankle, 
knee, hip, trunk, neck, elbow and shoulder) and phase as within-subject factors and age as 
between-subject factor.

In all of the analyses Bonferroni corrections were used to correct for multiple comparisons in 
post-hoc analysis. If assumptions of sphericity were violated Greenhouse-Geisser corrections 
were used. The level of significance was set at p < 0.05.

not all is lost: old adults retain flexibility in motor behaviour during sit-to-stand. 
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2.3. RESULTS

2.3.1. Group characteristics, sit-to-stand strategy and mechanical demands
Due to excessive missing values, data for one old and one young participant were excluded from 
the data analyses, which ultimately included 8 males and 6 females in the young group (24.3±2 
years) and 6 males and 4 females in the old group (76.4±5.2). All participants performed 25 sit-
to-stand trials but due to missing data, there were on average 20.3 (±2.8) and 21.2 (±3.7) trials, 
respectively, in the young and old group. Table 1 shows the participant’s anthropometric and 
strength data. The old compared to young adults’ muscle strength was lower in each muscle  
(p < .05).

Table 1. Anthropometric data and strength measurements of young and old 
participants

Young Old

Muscle group Mean STD Mean STD

Age (years) 24.3 2 76.4 5.2

BMI (kg/m^2)* 22.6 2.7 26.8 4

Body Weight (kg) 72.2 13.2 78.7 10.5

Height (m) 1.8 .09 1.7 .07

Strength (N/kg)a

Hip Flexion*** 3.1 0.68 1.37 0.33

Hip Extension*** 2.65 0.55 1.39 0.51

Knee Flexion*** 3.31 0.73 1.83 0.42

Knee Extension** 5.37 1.17 3.91 0.8

Ankle Dorsalflexion** 3.2 0.68 2.8 0.45

*indicates significant difference between age groups(* = p<.05, ** = p<.01, *** = p<.001); aStrength profiles of the right leg 
normalized by body weight in kg.

Table 2 shows that old and young participants employed similar sit-to-stand strategies. The 
peak GRF was significantly lower in old compared to young adults (p < .05). The knee and hip 
joint moments were similar in the two groups (Table 2).

Table 2. Sit-to-stand strategy and mechanical demands in young and old participants

Young Old

Mean STD Mean STD

Duration (sec) 1.71 .17 1.78 .17

Trunk Flexion (°)a 36.95 7.98 33.69 6.73

Vertical GRF (N/kg)b,* 11.8 .53 11.3 .43

Peak Knee Moment (Nm/kg)b 2.24 .29 2.02 .25

Peak Hip Moment (Nm/kg)b 2.4 .36 2.21 .36

*indicates significant difference (* = p < .05); aangle with the horizontal; b ground reaction forces and knee and ankle 
moments of the right leg normalized by body weight in kg.
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not all is lost: old adults retain flexibility in motor behaviour during sit-to-stand. 
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2.3.2. Joint position data
Figure 1 shows the joint position data for all investigated elemental variables. Joint excursions 
were similar between young and old adults but the hip, trunk and neck joint displayed larger 
deviations between the old as compared to young adults (Figure 1).

2.3.3. Mean phase standard deviation of performance variables
The repeated measures ANOVA on mean phase standard deviations revealed a significant main 
effect for performance variable (F1,22.3 = 103.2, p < .001) and phase (F1,22 = 73.1, p < .001) and a 
significant two-way interaction effect between performance variable and phase (F1,22.8 = 62.2, 
p < .001). This significant interaction effect was expected regarding the kinematic and kinetic 
events during lift off and the extension phase of the sit-to-stand task. Interestingly, there was no 
significant effect for age. 

2.3.4. Performance variable of primary importance
The repeated measures ANOVA on VRATIO revealed only one significant main effect for 
performance variable (F1.3,29.4 = 25.3, p < .001). Importantly, we found no significant interaction 
effect between performance variable and age. Figure 2 illustrates that VRATIO was largest for 
the anterior-posterior dimension followed by the vertical dimension of the GRF vector. These 
results suggest that the GRF vector was the performance variable of primary importance in 
both age groups. Figure 2 further shows that except for the vertical dimension of the head, all 
investigated performance variables displayed VRATIOS > 1 in young and old participants during 
both phases of the sit-to-stand task. The results also showed a non-significant trend for old 
compared with young adults having higher VRATIOs in all performance variables. In order to 
facilitate comparability with earlier studies examining CoM momentum stability with the UCM 
approach, Figure 2 also shows the results of the CoM momentum analysis for the phase where 
the greatest momentum changes occurred (1-50% for anterior-posterior, 30-80% for vertical 
and 10-80% for angular momentum) [17].

2.3.5. Age-related differences in flexibility of motor behaviour
Table 3 shows all significant main and interaction effects from the repeated measures ANOVA 
on variability per DOF. There were significant main effects for age, UCM component, dimension 
and phase. There were significant interactions between UCM component and age, UCM 
component and phase, and UCM component and dimension (Table 3).
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The black line gives the mean, the dashed green line gives the standard deviation and the red line gives the standard error of 
the mean of the time normalized joint position data in degrees of the foot, ankle, knee, hip, trunk, neck, shoulder and elbow 
with the horizontal surface of the earth in young and old participants. Joint angles were calculated as depicted in figure 2 of 
Scholz et al 1999 [18]. The vertical dotted black line indicates time where lift-off occurred.

Figure 1. Time normalized Joint position data in young and old participants. 
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Figure 2. VRATIO for old and young participants. 
 

VRATIO of all performance variables for young and old participants in the anterior-posterior and vertical dimension of the 
CoM, head, GRF and linear momentum and for the angular momentum. VRATIO of the CoM, head and GRF is given for lift-off 
(31-60%) and the extension phase (61-100%) of the chair rise. VRATIO of the linear and angular momentum is given for lift-off, 
extension phase and the phases where greatest momentum change (0-50%; 30-80% and 10-80%) occurred. AP: anterior-
posterior. V: vertical. LM: linear momentum. AM: angular momentum. Error bars represent standard error of the mean.  

Table 3. Significant main and interaction effects of repeated measures ANOVA on 
variability per DOF

Within-subject factor Mean STD F df p-value

Age Young .0030 .0003 6.5 1,22 = .018

Old .0040 .0003

UCM component VUCM .0050 .0003 168.3 1,22 < .001

VORT .0010 .0002

Dimension Vertical .0033 .0002 24.7 1,22 < .001

Anterior-posterior .0030 .0002

Phase Lift-off (31-60%) .0040 .0003 55.8 1,22 < .001

Extension (61-100%) .0020 .0002

UCM component x age 9.6 1,22 = .005

UCM component x phase 48.3 1,22 < .001

UCM component x 
dimension 24.7 1,22 < .001

To further understand the significant interaction effect between UCM component and age we 
conducted two independent t-tests comparing the two age groups on VUCM and VORT as post-hoc 
analyses. Therefore VUCM and VORT were averaged across dimensions (anterior-posterior and vertical) 

not all is lost: old adults retain flexibility in motor behaviour during sit-to-stand. 
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and phases (31-60% and 61-100%).  The two tests showed that VUCM was significantly higher in old 
compared to young adults (t12.3 = -2.7, p = .017) and that VORT did not differ between age groups. 
In addition we performed post-hoc analyses of the significant interaction effect between UCM 
component and phase. Therefore VUCM and VORT were averaged across dimensions in each phase. 
Two dependent t-tests compared the lift-off phase with the extension phase for VUCM and VORT 
separately. The dependent t-tests demonstrated that VUCM (t23 = 7.8, p < .001) and VORT (t23 = 4, p = 
.001) were significantly higher during lift-off compared to the extension phase of the sit-to-stand 
task. However, the mean difference between sit-to-stand phases was higher for VUCM (.003±.002) 
compared to VORT (.0005±.006). Figure 3 provides values of VUCM and VORT of the anterior-posterior 
and vertical dimensions for the different age groups and phases of the sit-to-stand task. 

Figure 3. VUCM and VORT for GRF in old and young participants. 

2

Variance per degree of freedom for old and young participants in the vertical and anterior-posterior dimension of the GRF 
during lift-off (31-60%) and extension phase (61-100%) of the sit-to-stand task. DOF: degrees of freedom. V: vertical. AP: 
anterior-posterior. Error bars represent standard error of the mean. 

2.3.6. Standard deviation of joint position data
The repeated measures ANOVA on standard deviations revealed significant main effects for 
age (F1,22 = 8.3, p = .009), joint (F3.8,84.3 = 65.4, p < .001) and phase ( F1,22 = 57.8, p < .001) and a 
significant two-way interaction effect between joint and phase (F = 2.79,61.4 = 34.4, p  < .001). This 
significant interaction effect was not unexpected regarding the different joint angle excursion 
during the lift-off and extension phase of the sit-to-stand task. Importantly,  Figure 4 further 
shows that standard deviations were higher in old compared to young adults in all elemental 
variables during both sit-to-stand phases except for the trunk during lift-off.



522461-L-bw-Greve522461-L-bw-Greve522461-L-bw-Greve522461-L-bw-Greve
Processed on: 20-8-2018Processed on: 20-8-2018Processed on: 20-8-2018Processed on: 20-8-2018 PDF page: 39PDF page: 39PDF page: 39PDF page: 39

39

0

2

4

6

8

10

12

St
an

da
rd

 d
ev

ia
tio

n 
(d

eg
) 

Old

Young

* 

** 
* 

Figure 4. Standard deviation of joint position data in old and young participants. 

Across trial standard deviations for old and young adults of the foot, ankle, knee, hip, trunk, neck, shoulder and elbow joint 
in degrees during lift-off (31-60%) and the extension phase (61-100%) of the sit-to-stand task. Error bars represent standard 
error of the mean. Asterisk indicates significant difference between age groups (* = p<.05, ** = p<.01).  

2.4. DISCUSSION

The aim of our study was to determine the age-related differences in the performance variable 
of primary importance and in the use of the available motor flexibility during the sit-to-
stand task. We hypothesized that young adults prioritize the control of the CoM whereas old 
adults prioritize the control of the GRF vector. Regarding the age-related differences in motor 
flexibility we explored two competing ideas: The first idea was based on previous findings and 
suggests that old compared to young adults employ less motor flexibility. The second idea was 
that because of the relatively high muscular demands of the sit-to-stand task old compared to 
young adults employ more motor flexibility in compensation for the strength deficits. Our main 
findings were that both young and old adults prioritize the stability of the GRF vector and that 
old adults employ more motor flexibility.

2.4.1. Performance variable of primary importance
The VRATIO (VUCM/VORT) reflects to what extent the neuromuscular system stabilizes a performance 
variable [21]. This ratio was the highest for the anterior-posterior and vertical GRF vector in 

not all is lost: old adults retain flexibility in motor behaviour during sit-to-stand. 
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both phases of the sit-to-stand task. These results suggest that the neuromuscular system uses 
variability in the available degrees of freedom with the primary goal of stabilizing the GRF 
vector during sit-to-stand. This stabilizing effect was independent of age and muscle strength. 
These results are contrary to our hypothesis because we expected that young adults prioritize 
stability of the CoM [18,29].  

Our finding that the GRF vector is the performance variable of primary importance in old 
adults agrees with previous sit-to-stand studies, using different methods [6,14]. For example, 
the coordinative aspects of the GRF vector during sit-to-stand explained 81% of the variance 
of the total time to reaching an upright position in old adults [6]. Although we derived our 
hypotheses based on data reporting age-related differences in neural, musculoskeletal and 
physiological aspects [7-10,28] and previous UCM studies [18,29], the finding that young adults 
prioritized stability of the GRF vector instead of the CoM trajectory was in contrast to our 
prediction. Because previous UCM studies did not focus on the importance of stabilizing the 
GRF vector, it is conceivable that they might have overlooked this aspect of neuromuscular 
control. In addition, GRFs are the causal factors underlying CoM movement during sit-to-
stand [37]. Accordingly the trajectory of the CoM is indirectly stabilized during sit-to-stand 
by generating motor coordination patterns stabilizing the GRF vector. Hence our findings are 
not in contrast with previous literature but expand our knowledge on neuromuscular control 
strategies during sit-to-stand in young and old adults.

In addition to the GRF vector, our analysis showed that old and young adults’ neuromuscular 
system utilized variability in joint kinematics to stabilize the CoM, CoM momentum and to 
a lesser extent the vertical dimension of the head trajectory during both phases of the sit-to-
stand task. Overall these results are in good agreement with previous literature using UCM 
analysis during sit-to-stand [17,18]. However, Reisman et al (2002) reported that the vertical 
CoM momentum was only stabilized near the time of peak momentum [17]. We found that 
variability in joint angles and angular velocities were employed to stabilize the vertical CoM 
momentum during the entire phase where the greatest momentum change occurred (30-80%). 
This difference might be due to the different experimental procedures in our study compared 
to the study from Reisman et al (2002). In the experiment of Reisman et al (2002), participants 
had to perform the sit-to-stand task as fast as possible [17]. Standing up as fast as possible might 
have resulted in less coordinated behaviour. 
 
The finding that several performance variables were stabilized simultaneously with the same 
set of elemental variables during sit-to-stand was not surprising because performance variables 
were functionally interlinked [23]. However, this ability of simultaneous stabilization represents 
an essential feature of flexible motor behaviour [17,38-42] and previous experiments showed 
that motor abundance allows the neuromuscular system to stabilize multiple performance 
variables simultaneously that are functionally independent of each other [40,42,43]. 
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2.4.2. Age-related differences in flexibility of motor behaviour
Although young and old adults seem to prioritize stability of the same performance variable 
during sit-to-stand, we observed age-related differences in motor flexibility to achieve this 
stabilization effect. Previous studies reported that old compared to young adults’ motor behaviour 
is less flexible during motor-tasks [24-27,30]. These findings suggest that this might also be the 
case during the sit-to-stand task. In contrast, we propose that the high task demands during sit-
to-stand would actually necessitate the adoption of a greater degree of motor flexibility by old 
adults as a compensation for leg weakness. Indeed, the current results support this latter notion: 
old compared to young adults used a more flexible motor behaviour to stabilize the GRF vector 
during sit-to-stand. This greater motor flexibility in old adults was reflected by higher VUCM and 
similar VORT compared to young adults. A greater motor flexibility implies that the neuromuscular 
system can choose from a greater number of motor solutions which lead to the same motor output 
[40]. This increase in motor flexibility improves stability of the GRF vector by enhancing the 
ability of the neuromuscular system to stabilize multiple performance variables simultaneously, 
perform a secondary task, handle new constraints or react to perturbations [17,38-42]. However, 
as documented previously and in the present study, greater motor flexibility does not necessarily 
decrease variability of performance variables across trials [39].

We propose that differences in task demand between the present work and the previous studies 
might explain the inconsistency in results on age-related differences in motor flexibility [24-
27,30]. In previous studies, the relative task demands were low and similar between age groups 
[24-27,30]. In our study old compared to young adults were significantly weaker but generated 
similar peak joint moments at the knee and hip during sit-to-stand. This suggests that the old 
adults operated at higher percentages of their maximum muscular capacity at the knee and 
hip. In line with this argument are the observations that rising from a chair of various heights 
requires 80 to 100% of the available knee extensor strength in frail and healthy old adults 
compared to 40-60% in healthy young adults [4,9,10]. Together these findings suggest that the 
relative task demand was likely to be more challenging for our old participants. Therefore, the 
larger VUCM, as we report it here, might be a mechanism that helps old adults to cope with 
the near-maximal efforts needed for successful task completion. This reasoning is in line with 
previous studies reporting that young adults were able to stabilize task-important performance 
variables to a similar extent by increasing the amount of VUCM and leaving VORT unchanged 
when they rose from a chair under mechanically more challenging conditions [16,17]. Thus, 
freeing those DOF that stabilize task-important performance variables seems to be a strategy 
used by the aging neuromuscular system to compensate for strength deficits at the knee and hip. 
This strategy is reflected in higher VRATIO and higher VUCM values for old compared to young 
adults in a sit-to-stand task, and such strategies might be less necessary in less demanding 
tasks. In line with this reasoning, recent studies on the effect of fatigue on motor flexibility in 
multi-finger force production tasks have shown that with increasing fatigue in one finger, VUCM  

increases and VORT remains the same with a concomitant preservation of task accuracy [44,45]. 

not all is lost: old adults retain flexibility in motor behaviour during sit-to-stand. 
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Our interpretation of the data rises the question what kinematic adaptations were associated with 
an increase in motor flexibility. Theoretically, any increase in variability of a restricted set of joint 
angles or all joint angles could mediate increases in VUCM. Considering the fairly constrained 
nature of the sit-to-stand task, kinematic adjustments would most likely occur at the trunk, shoulder 
or elbow joint. However, standard deviations of joint position data revealed that old compared to 
young adults employed larger amounts of variability in all elemental variables during both phases 
of the sit-to-stand task except for the trunk during lift-off. Because VORT did not differ between 
the two groups, it is likely that the increase in old adults’ joint position variability was selectively 
directed into variability stabilizing the GRF vector (VUCM). Hence, the aging neuromuscular 
system makes use of motor abundance and employs larger amounts of joint position variability in 
all elemental variables to improve stability of the GRF vector during sit-to-stand.

Considering that an increase in VUCM seems to have exclusively favourable benefits for the 
neuromuscular system in old adults, the question arises whether interventions could exploit 
these benefits. It is reasonable to assume that there is a finite amount of VUCM old adults 
can access during the execution of motor tasks. When older adults with strength deficits 
employ large amounts of VUCM during a routine sit-to-stand task, they would operate closer 
to their maximal available motor flexibility compared to their young counterparts. Operating 
closer to the maximal available motor flexibility would diminish the reserve capacity of the 
neuromuscular system which in turn might impair old adults’ ability to adequately react to 
perturbations, perform a secondary task or handle new constraints [17,38-42]. Following 
this line of reasoning we propose that next to traditional strength training, intervention and 
prevention programs should consider incorporating exercises based on the idea that training of 
a large variety of between-exercise differences facilitates the exploitation of numerous possible 
motor solutions. The exploitation of possible motor solutions would increase the amount of 
available motor coordination patterns from which the aging neuromuscular system can choose 
to achieve successful sit-to-stand. In the literature this idea has been proposed in different views 
on motor learning. It is known as variability of practice[46-48] but can also be found in the 
differential learning concept [49,50]. For the sit-to-stand task this would imply that standing 
up could be executed from different chair heights, support surfaces or start and end postures, 
which would result in a larger range of practiced motor coordination patterns. An increase 
in the available motor coordination patterns would increase the old adults’ available motor 
flexibility and improve the ability to accurately and stable perform the sit-to-stand task under a 
variety of performance contexts [17,38-42].
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2.5. LIMITATIONS AND FUTURE RESEARCH

The present study has several limitations. First, the analysis of the sit-to-stand task focused on 
the sagittal plane. Therefore, the analysis did not include variability in elemental variables in the 
frontal plane, which might have affected the stability of the investigated performance variables. 
In addition, undetected and unquantified deficits in balance control might have made the sit-to-
stand task even more challenging for the old participants. Finally, in this initial effort we did not 
manipulate task difficulty to determine systematically the nature of how exactly the increase in 
motor flexibility, as quantified by UCM analysis, acted as a compensatory mechanism for old 
adults’ lower extremity weakness. Future research might aim to systematically investigate to 
which extent flexibility in motor behaviour changes in young and old adults with increasing 
demands on the muscular and balance control system and how improvements in leg strength 
affect flexibility of the motor behaviour in old adults.

2.6. CONCLUSIONS

We found that age affects motor coordination strategies during sit-to-stand. Independent of 
age and muscle strength both old and young adults prioritized stability of the GRF vector when 
rising from a chair. However old differed from young adults in the flexibility of their motor 
behaviour. Old adults employed a more flexible motor behaviour during sit-to-stand as compared 
to young adults. Due to the higher demand of the sit-to-stand task in the old participants we 
propose that freeing those degrees of freedom stabilizing task-important performance variables 
is a strategy used by the aging neuromuscular system to compensate for strength deficits and 
improve stability. These findings might have implications for the design of interventions, which 
aim to prolong old adults’ motor independence. 
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Physical demand but not dexterity 
is associated with motor flexibility 
during rapid reaching in healthy 
young adults
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ABSTRACT
Healthy humans are able to place light and heavy objects in small and large 

target locations with remarkable accuracy. Here we examine how dexterity 

demand and physical demand affect flexibility in joint coordination and end-

effector kinematics when healthy young adults perform an upper extremity 

reaching task. We manipulated dexterity demand by changing target size and 

physical demand by increasing external resistance to reaching. Uncontrolled 

manifold analysis was used to decompose variability in joint coordination patterns 

into variability stabilizing the end-effector and variability de-stabilizing the end-

effector during reaching. Our results demonstrate a proportional increase in 

stabilizing and de-stabilizing variability without a change in the ratio of the two 

variability components as physical demands increase. We interpret this finding 

in the context of previous studies showing that sensorimotor noise increases with 

increasing physical demands. We propose that the larger de-stabilizing variability 

as a function of physical demand originated from larger sensorimotor noise in 

the neuromuscular system. The larger stabilizing variability with larger physical 

demands is a strategy employed by the neuromuscular system to counter the 

de-stabilizing variability so that performance stability is maintained. Our findings 

have practical implications for improving the effectiveness of movement therapy 

in a wide range of patient groups, maintaining upper extremity function in old 

adults, and for maximizing athletic performance.
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3.1. INTRODUCTION

Healthy humans are able to place light and heavy objects in small and large target locations with 
remarkable accuracy. Motor flexibility, the ability of the nervous system to generate different 
joint angle combinations while keeping end-effector movement unaffected, allows such reaching 
movements to be successful under a broad range of physical and dexterity demands. However, 
the current literature focuses almost exclusively on how dexterity demand affects movement 
accuracy during reaching with little or no attention to how physical demand affects reaching 
accuracy (for an overview see [1]). Moreover, the primary focus in the literature is on the 
trajectory of the end-effector and not on how the joint angles are coordinated to meet accuracy 
demands. The present study aims to extend the dexterity data and examines how dexterity and 
physical demand, or the interaction between these two factors, affect motor flexibility during a 
reaching task performed by healthy young adults.

It has been established that physical and dexterity demands affect kinematics of reaching. A 
number of studies reported that movement speed decreases as dexterity demand increases [1,2], 
demonstrating a speed-accuracy trade-off, a phenomenon most often quantified by Fitts’ law 
[1–3]. These studies show that humans are able to point at a target accurately because they slow 
the movement as they approach the target. This slowing allows the operator to rely on visual 
feedback and maintain the accuracy of the pointing movement [1,4–6].

In contrast, there are inconsistent findings concerning the effects of physical demand on 
kinematics during reaching. In one study the peak angular velocity decreased as physical 
demand (weight in the hand) increased during vertical arm movements [7]. However, in another 
study the time needed to achieve end-point peak velocity increased with increasing physical 
demand (larger resistance to movement) during a reciprocal aiming task [8]. The findings do 
not permit us to determine if a variation in load, a shift in motor control strategy, or some 
combinations of the two produced the kinematic changes and allowed participants to complete 
the task with similar accuracy independent of physical demand.

The present study is an attempt to resolve these inconsistencies. We explore the idea that 
humans retain movement accuracy during reaching independent of physical and dexterity 
demand by making small and coordinated adjustments in joint positions of the moving limb. 
The hypothesis is that co-variation between joints of the moving limb underlies flexibility in 
motor behaviour and mediates the preservation of movement accuracy independent of task 
difficulty. Such flexibility in movement execution is beneficial because it affords the effector 
system with a larger range of possible motor solutions to complete the reaching task [9]. A 
larger range of possible motor solutions improves the ability to rapidly adapt to the changing 
environmental and task constraints while keeping performance stable [10–14].
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However, this idea is not in line with some previous findings because flexibility in joint 
coordination actually decreased in contrast to our suggestion of an increase with varying 
dexterity demands during reaching [6,15]. One reason for the discrepancy between our current 
hypothesis and past findings could be that the earlier reported variance analysis did not include 
all of the potentially relevant joints. Therefore, compensations at joints not included in the 
analysis could have affected motor flexibility [6]. Further, in a previous study subjects were 
instructed to reach for targets of different sizes at a constant speed, negating the speed-accuracy 
relationship [15]. Supporting our present hypothesis are the motor flexibility data recorded 
during walking, showing that coordination among leg joints increased when subjects were 
instructed to place their foot on the ground with high precision during gait [16]. 

Concerning the effects of physical demand on motor flexibility in lower extremity tasks using 
UCM analyses, it was suggested that an increase in motor flexibility compensated for the age-
related weakness during the sit-to-stand task performed by old adults [17]. However, that study 
did not systematically manipulate physical demand. In addition, perhaps other factors such as 
impaired timing, balance, rate of torque generation [18–20] and not physical demand per se, 
contributed to the higher motor flexibility observed in old compared with young adults.

In total, there is conflicting and inconclusive evidence as to how dexterity and physical demand 
each and perhaps in an interactive manner would affect motor flexibility in general and during a 
reaching task in particular. Here, we examine the possibility that an increase in motor flexibility 
mediates the preservation of movement accuracy as physical and dexterity demands increase 
during a reaching task. We address this hypothesis by subjecting joint coordination patterns of 
the upper extremity to a UCM analysis [9]. The UCM analysis allows us to decompose variability 
in the effector system into variability stabilizing the end-effector position (goal-equivalent 
(GEV)) and variability de-stabilizing the end-effector position (non-goal-equivalent (NGEV)) 
during reaching. Larger GEV as compared to NGEV implies that the neuromuscular system 
employs flexible motor coordination patterns. We hypothesize that a) motor flexibility increases 
as physical demand increases; b) motor flexibility increases as the dexterity demand increases; 
c) motor flexibility increases more with increasing physical demands during high as compared 
with low dexterity demand conditions, and d) the increase in motor flexibility is characterized 
by an increase in GEV but unchanged NGEV as physical and dexterity demands increase.
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3.2.  MATERIALS AND METHODS

3.2.1. Participants
20 healthy young adults (8 males and 12 females, 24.3 ±2 years) participated in the study. Those 
healthy participants and right-handed subjects were included who had no neurological or 
musculoskeletal disorders in the neck, shoulder, arm or hand, affecting pointing performance 
and had normal or corrected to normal vision. 

3.2.2. Ethics Statement
The ethics committee of the Center for Human Movement Sciences, University Medical Center 
Groningen approved the study that was conducted according to the principles expressed in the 
Declaration of Helsinki. Before the start of the study, each participant read and signed a written 
informed consent. 

3.2.3. Experimental set-up
The experimental set-up and manipulations were designed to determine the effects of dexterity 
and physical demands on flexibility in joint coordination patterns during upper extremity 
reaching. A 3D analysis of the right arm during a reaching movement was performed with an 
Optotrak motion capture system consisting of two units, sampling at 100Hz. Fig. 1 shows a 
schematic overview of the experimental set-up. Subjects held a cross-like pointer and reached 
toward a target. The tool had a pointer tip of 2.5 cm length and 0.5 cm diameter that extended 5 
cm from the second metacarpophalanegal joint when the pointer was held. A cord was attached 
to the posterior side of the pointer and was connected through a pulley to a weight stack (Fig. 
1). During the arm movement the cord was situated between the participants arm and body and 
did not interfere with the reaching movement. To collect the motion data, 6 triangular rigid 
bodies, each containing three LEDs, were placed on the participant’s sternum, right acromion, 
on the lateral aspect of the right upper arm just proximal to the insertion of the deltoid muscle, 
the lateral aspect of the right lower arm just proximal to the ulnar and styloid processus, the 
dorsal surface of the right hand and at the pointer tool [21].  

Participants sat in an adjustable chair in front of a table so that the olecranon process with the 
elbow flexed at 90° was at the same height as the tabletop. The start posture was approximately 
20° shoulder abduction, 90° elbow flexion and 90° pronation. To have a consistent start position, 
participants placed their right olecranon on an elbow support and the pointer tip in a pre-
defined start position. The elbow support was positioned at the right side of the participants’ 
body at the same height with the table. The start position of the pointer tip was marked on the 
table with a dot of the size of the diameter of the pointer tip. During the start position the back 
of the pointer tool was placed against a wooden bar in order to release the load. 
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Figure 1. Experimental set-up.

Five different weight conditions were used. In the no-weight condition a weight of 0.2 kg was 
attached to the cord, which was just enough to keep the cord taut.

3.2.4. Experimental procedure
Before the start of the experiment, we measured each participant’s body mass, height, and 
handedness [22]. To quantify whether participants fatigued during the experiment, before and 
after the experiment subjects performed three trials of 4-s-long maximum voluntary contraction 
(MVC) against the load cell of a hand-held dynamometer (ErgoFet, Hoggan Health Industries, 
West Jordan, USA) in the start position of the pointing movement (as depicted in Fig. 1). The 
average of the three trials was used in the analysis.

To minimize trunk movement during pointing, participants were stabilized with a crossover 
harness, tied to the chair. Before the start of each trial, participants’ position was checked and 
corrected as needed. The target position was at a distance of 25 cm (18.8 cm in depth and 16.6 
cm vertical distance from table top) in front of the pointer tip. 

Subjects heard a beep at the start and end of each pointing trial. Participants were instructed “to 
point as accurately and rapidly as possible to the target” after the beep and remain in contact 
with the target until a second beep occurred. After the second beep, participants moved their 
arm back to the start position. It was emphasized that the pointing task was not a reaction time 
task. If needed, participants were allowed to pause or rest at any time during the experiment.

physical demand but not dexterity is associated with motor flexibility during rapid reaching in healthy young adults
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3.2.5.  Experimental design
Each participant performed 25 pointing trials to three different target sizes (1.56 cm, .78 cm, 
.39 cm) that resulted in targets with an index of difficulty (ID) of 4, 5 and 6 [3] and five different 
weight conditions (actual weights 0.2 kg, 0.7 kg, 1.2 kg, 1.7 kg and 2.2 kg, referred to as the 0 
kg, 0.5 kg, 1 kg, 1.5 kg, 2 kg, load condition, respectively). The order of presentation of these 
blocks of 25 trials was randomized between subjects. Each participant performed 25 trials in 15 
conditions resulting in 375 pointing trials. Subjects practiced the task 3 times before each new 
weight condition. There was one minute of rest between conditions.

3.2.6.  Joint angle computation
Joint angle computation followed the orientations from the ISB standardization proposal for the 
upper extremity by Wu et al (2005) [23]. Local coordinate systems were computed based on bony 
landmarks and the displacements of the markers on the rigid bodies. Based on the combination 
of the local coordinate systems, global and local orientations of segment coordinate systems 
were calculated [23]. For calibration, 17 bony landmarks were digitized with a standard pointer 
device [21]. The following joint rotations were computed: shoulder plane of elevation, shoulder 
elevation, shoulder inward–outward rotation, elbow flexion–extension, forearm pronation–
supination, wrist flexion–extension and wrist abduction–adduction.

3.2.7.  UCM analysis
UCM analysis was performed as detailed previously [9,24–26]. The elemental variables were defined 
as the joint angular data of the shoulder, elbow and wrist resulting in a 7-DOF system. The pointer 
tip position (3 DOF) was selected as the performance variable. In order to relate changes in joint 
angles to changes in the position of the performance variable, the Jacobian (J) was computed based 
on a 3D forward kinematics model relating joint configurations to pointer tip position [27,28]. In 
an additional experiment we analyzed the accuracy of the forward kinematics model. The pointer 
tip was positioned for 3 seconds next to an Optotrak marker, which was fixated on a table. The root 
mean square of the difference between the 3D position of the modeled pointer tip position and the 
actual position of the Optotrak marker was 1.72 mm. Note that positioning the pointer tip on top 
of the Optotrak marker would have reduced the deviation but occluded the marker.

Based on the covariance matrix C of the joint configurations across trials, the variability 
components GEV and NGEV were computed by projecting the total variability (TOTV) in joint 
space to the null-space of J (null(J)T);GEV) and the orthogonal complement (orth(JT)T) (NGEV) 
by using equations 1 – 3:

where n denotes the dimension of the joint space (n = 7) and d denotes the dimension of the 
task space (d = 3).

n /  trace(C)= TOTV 1.)  

d / ))orth(J * C *h(J) trace(ort= NGEV 2.) TT  

d -n / null(J)) * C * l(J) trace(nul= GEV3.) T  
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The column vectors of the matrices null(J)T and orth(JT)T  form orthonormal bases for the null 
space of J and its’ orthogonal complement respectively. Each UCM component (TOTV, GEV 
and NGEV) was normalized by the number of DOF. To correct for non-normal data distribution 
all UCM components were log transformed before statistical analysis (GEVT = log(GEV) and 
NGEVT = (log(NGEV)). In order to quantify the strength of the stabilizing effect of motor 
flexibility, we computed the log transformed VRatio (VRatioT = log(GEV/NGEV)) [26]. A VRatioT > 0 
implies that the end-effector position is a controlled variable [26].

3.2.8. Individual joint variability and multi-joint co-variation
One caveat of the UCM analysis is that it does not differentiate between UCM effects due to 
individual joint variability or multi-joint covariation. In order to determine whether UCM 
effects originated from multi-joint covariation and were not confounded by individual joint 
variability, a permutation analysis was performed [25,26]. Within the permutation analysis 
the UCM analysis is repeated as explained previously but with a covariance matrix where all 
covariation among joints is removed by setting the off-diagonal terms of the original covariance 
matrix (C) to zero (CPerm) [26]. After performing UCM analysis with CPerm as covariance matrix 
we computed a surrogate data set of the VRatio, VRatioPerm. VRatioPerm contains the same amount of 
individual joint variability as in the original data set (VRatio) but does not contain multi-joint co-
variation. Larger amounts of VRatio as compared to VRatioPerm imply that the UCM effects largely 
originated from multi-joint co-variation [25,26]. As for VRatio, VRatioPerm was log transformed 
before statistical analysis (VRatioPermT = log(VRatioPerm)).

3.2.9. Data analysis
The data were analyzed using customized MATLAB programs (Version R2012, Natick, USA). 
Coordinate data of each marker of the rigid bodies were filtered using a bi-directional 4th order 
Butterworth filter with a cut-off frequency of 8 Hz. Start and end of the movement was defined 
as the velocity of the pointer tip in forward direction above 2 mm·s-1 and below 2 mm·s-1. Based 
on the initiation and end of the movement the total movement time of each reaching trial was 
computed. For the UCM analysis during movement execution each reaching trial was time 
normalized and the UCM components GEV and NGEV, VRatio and CoV Index were partitioned 
into four phases (1 – 25 %, 26 – 50 %, 51 – 75 % and 76 – 100%). For the UCM analysis at the end 
point of reaching, the last point of each reaching trial was used for the analysis. The tangential 
velocity of the pointer tip was computed based on the 3D position data and used to compute the 
symmetry index (time to peak velocity (s)\total movement time (s)) and peak velocities (m·s-1) of 
each reaching trial. The tangential end-effector position was computed as the sum of the square 
roots of the 3D position data.

3.2.10. Statistical analysis 
We used SPSS 20.0 and tested the hypotheses with four repeated measures ANOVA on variability 
per DOF during movement and at the end-point of the reaching movement. Hypothesis a), b) 
and c) were investigated with a repeated measures ANOVA on VRatioT with phase (1 – 25%, 
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26 – 50%, 51 – 75% and 76 – 100%; during movement), dexterity demand (ID 4, ID 5, ID 6) and 
physical demand (0 kg, 0.5 kg, 1 kg, 1.5 kg, 2 kg) as within subjects factor. We tested hypothesis 
d) using a repeated measures ANOVA on variability per DOF with UCM component (GEVT 
and NGEVT), phase (during movement), dexterity demand and physical demand as within 
subjects factor. This analysis allowed us to determine if physical and dexterity demands affected 
the variability components (i.e., larger GEV and no change in NGEV). We performed a repeated 
measures ANOVA on variability per DOF with Ratio component (VRatioT and VRatioPermT), 
phases (during movement), dexterity demand and physical demand as within subjects factor to 
determine whether UCM effects originated from multi-joint covariation or from individual joint 
variability. To determine if behavior of the participants in the current study was similar reported 
by other studies that manipulated dexterity demand and physical demand, we quantified the 
effect of task demand on end-point kinematics. We conducted a repeated measures ANOVA on 
the standard deviation of the end-effector position, total movement time, duration acceleration 
time, duration deceleration time, symmetry index and peak velocity with dexterity demand 
and physical demand as within subjects factor. If the assumption of sphericity was violated, the 
Greenhouse-Geisser correction was applied. To interpret the significant effects of the ANOVA’s, 
the generalized eta-squared for effect size was used [29,30]. The effect sizes were interpreted 
according to Cohen’s (Cohen 1988) recommendation of .02 for a small effect, .13 for a medium 
effect and .26 for a large effect [29].

To determine if motor flexibility was associated with accuracy of the end-effector position, 
we performed a correlation analysis. Associations during reaching were investigated for each 
movement phase between VRatioT and the across trial standard deviation of the tangential 
end effector position . Furthermore VRatioT during the last phase of the reaching movement 
and at the end-point of reaching was correlated with the effective target width (standard 
deviation·1.96). For this analysis the across trial standard deviation and VRatioT of each 
participant was averaged within each movement phase across physical and dexterity demand 
conditions.

3.3. RESULTS

3.3.1. Group characteristics and mechanical demands
All recruited participants completed the experiment. Each participant performed 25 reaching 
trials for each condition of which on average 22.6 (±1.6) trials for each participant and condition 
were included in the data analysis. Trials were removed if one or more markers were invisible 
during the reaching movement. Table 1 shows the anthropometric and strength measurements. 
The experiment resulted in 3% decline in arm strength MVC, suggesting that fatigue did not 
affect the data.
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Table 1. Anthropometric and strength data (N = 20)

Mean ±SE

Age (years) 24.3 2.0

BMI (kg/m^2) 22.6 2.7

Body Weight (kg) 72.2 13.2

Height (cm) 178.9 10.0

MVC (N/kg)
Pre 2.34 0.8

Post 2.27 0.8

BMI, body mass index; MVC, maximal voluntary contraction  
measured in the start position of the pointing movement.

3.3.2. Joint position data 
Fig. 2 shows the joint position data of the low dexterity demand and low physical demand 
condition (ID 4 and 0 kg; left panel) and the low dexterity demand and high physical demand 
condition (ID 4 and 2 kg; right panel). Joint excursions and within standard deviations appear 
similar across conditions. Fig. 2 further shows that the within subject variance in joint position 
data was similar between conditions but the between subject variance in joint position data was 
lower in the ID 4 and 2 kg condition as compared to the ID 4 and 0 kg condition. The speed 
profiles of the end-effector were similar as compared to earlier studies [5,7,29–31].

physical demand but not dexterity is associated with motor flexibility during rapid reaching in healthy young adults
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Figure 2. Time normalized joint position data. 

3

The blue line gives the mean, the dashed green line gives the mean of the within participant 
standard deviation and the red dashed line gives the standard error of the mean of the time 
normalized joint position data in degrees of the shoulder, elbow and wrist joint. The left panel 
gives the time normalized joint position data of the ID 4 and 0 kg condition and the right panel of 
the ID 4 and 2 kg condition.
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3.3.3. Flexibility in joint coordination patterns
Tables 2 – 5 present all significant and relevant non-significant results of the repeated measures 
ANOVA for each hypothesis during movement execution and at the end-point of reaching. The 
repeated measures ANOVA on VRatioT during movement revealed a significant main effect for 
phases but not for physical or dexterity demand during movement execution and at the end-
point of reaching (Tables 2 and 3). Fig. 3 shows that the VRatioT was highest during 51 -100% of 
the reaching movement and lowest during 26 – 50% and at the end-point of reaching.

Table 2. Effects of movement phase, dexterity, and physical demand on VRatioT during 
movement

Within-subject factor Mean SEM F df p-value η2
 G

Phase

1 – 25 %  .60   .054 18.1 1.7, 32 <.001 .12

26 – 50 %  .46   .072

51 – 75 %  .88   .066

76 – 100 %  .89   .066

Dexterity

ID 4  .72  .052    .3 2, 38   .735 <.01

ID 5  .70  .056

ID 6  .71  .050

Physical

0 kg  .72  .053    .9 4, 76   .489 <.01

0.5 kg  .73  .056

1.0 kg  .68  .065

1.5 kg  .74  .054

2.0 kg  .67  .058

Table 3. Effects of dexterity and physical demand on VRatioT at the end-point of reaching

Within-subject factor Mean SEM F df p-value η2 G

Dexterity

ID 4  .56  .085   1.3 2,38   .297 <.01

ID 5  .47  .101

ID 6  .44  .073

Physical

0 kg  .60  .010   1.1 4,76   .373  .02

0.5 kg  .44  .013

1.0 kg  .56  .015

1.5 kg  .43  .015

2.0 kg  .43  .015

physical demand but not dexterity is associated with motor flexibility during rapid reaching in healthy young adults
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Figure 3. Log transformed VRatio (VRatioT) averaged across ID and physical demand 
conditions for all phases of the reaching movement and at the end-point of reaching. 

Vertical bars denote standard error of the mean. 

Analysis on the UCM components during movement execution revealed significant main effects 
for variability, phases and physical demand and significant interaction effects between variability 
and phase and between dexterity demand and phase (Table 4). At the end point of the reaching 
task analysis revealed a significant main effect for variability and physical demand (Table 5). 

Table 4. Main and interaction effects of variability, movement phase, physical and 
dexterity demand on variability per DOF during movement

Within-subject factor Mean SEM F df p-value η2 G

Variability
GEVT -6.53   .09 213.8 1, 19 <.001   .23

NGEVT -7.24   .09

Phase

1 – 25 % -7.18   .10 40.2 1.9, 36.7 <.001   .14

26 – 50 % -6.51   .09

51 – 75 % -6.72   .08

76 – 100 % -7.10   .10

Physical

0 kg -7.12 .074 22.8 2.6, 50.2 <.001   .05

0.5 kg -7.00 .084

1.0 kg -6.86 .098

1.5 kg -6.77 .086

2.0 kg -6.67 .102

Variability x Phase 18.7 1.3, 32.1 <.001   .02

Phase x Dexterity 2.97 3.2, 61.2   .035 <.01
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Table 5. Effects of variability and physical demand on variability per DOF at the end-
point of reaching

Within-subject factor Mean SEM F df p-value η2 G

Variability
GEVT -6.78  .11 41.8 1, 19 <.001 .12

NGEVT -7.27  .11

Physical

0 kg -7.27  .10 11.3 4, 76 <.001 .04

0.5 kg -7.08  .11

1.0 kg -6.99  .13

1.5 kg -6.94  .12

2.0 kg -6.83  .11

The main effect for variability showed that the amount of GEV was significantly larger than 
NGEV during all phases and at the end-point of the reaching movement (Tables 4 and 5). This 
finding implies that the end-effector position was a controlled variable during reaching [9]. The 
significant main effect for phase during movement demonstrated that the average amount of 
variability ((GEVT + NGEVT)/2) in elemental variables was largest during 26 – 75 % of the reaching 
movement (Table 4). As illustrated in Fig. 4 the main effect of physical demand shows that GEV 
and NGEV proportionally increase with increasing physical demands (Fig. 4). This finding and 
the results from the analysis on VRatioT demonstrate that the stabilizing effect of motor flexibility 
was maintained despite increases in NGEV and GEV with increasing physical demands (Fig. 5; 
Tables 2 and 3). In other words, although the variability measures GEV and NGEV increased with 
increasing resistance to the reaching movement their relative values did not change.

Figure 4. GEV and NGEV averaged across ID and movement phases for the physical 
demand conditions.

Vertical bars denote standard error of the mean. Note that the statistical analysis was performed on the log transformed GEV 
(GEVT) and NGEV (NGEVT).
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Figure 5. Log transformed VRatio (VRatioT) averaged across ID and movement phases for 
the physical demand conditions. 

Vertical bars denote standard error of the mean.

The significant interaction between variability and phase was further explored with post-hoc 
analysis on GEVT and NGEVT averaged across ID and physical demand conditions. GEVT and 
NGEVT values of each phase were compared with the preceding phase, demonstrating that after 
Bonferroni correction all these phases differed for NGEVT but for GEVT the phases differed only 
between 1 - 25% and 26-50% and between 51-75% and 76-100% (all p-value’s < .001). 

3.3.4. Individual joint variability and multi-joint co-variation
In order to determine whether UCM effects originated from multi-joint covariation or 
individual joint variability we performed a repeated measures ANOVA on ratio components 
(VRatioT and VRatioPermT) with phase, dexterity demand and physical demand as within subjects 
factor. The analysis during movement revealed a significant main effect for ratio component 
and phases and significant two-way interaction effects between ratio component and phases 
and between ratio component and physical demand (Table 6). Figs. 6 and 7 show that VRatioT 
was larger than VRatioPermT during all phases and physical demands indicating that UCM effects 
largely originated from multi-joint covariation and not from individual joint variability. 
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Table 6. Main and interaction effects of ratio, movement phase and physical demand 
on ratio components (VRatio and VRatioPerm) during movement.

Within-subject factor Mean SEM F df p-value η2 G

Ratio
VRatioT  .71   .05 336.6 1, 19 <.001   .45

VRatioPermT -.03   .03

Phase

1 – 25 %  .30   .10 22.8 1.6, 31.2 <.001   .08

26 – 50 %  .11   .09

51 – 75 %  .42   .08

76 – 100 %  .54   .10

Ratio x Phase 15.8 1.9, 35.6 <.001   .01

Ratio x Physical 3.1 2.9, 55.8   .034 <.01

Figure 6. Log transformed VRatio (VRatioT) and VRatioPerm (VRatioPermT) averaged across ID and 
physical demand conditions for all phases of the reaching movement and at the end-
point of reaching. 
 

Vertical bars denote standard error of the mean.
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Figure 7. Log transformed VRatio (VRatioT) and VRatioPerm (VRatioPermT) averaged across ID and 
movement phases for all physical demand conditions. 

Vertical bars denote standard error of the mean.

The significant interaction effects were further investigated with post-hoc analysis. The 
significant interaction between Ratio component and phase was further explored with post-hoc 
analysis on VRatioT and VRatioPermT averaged across ID and physical demand conditions. VRatioT 
and VRatioPermT of each phase were compared with the preceding phase, demonstrating that after 
Bonferroni correction all these phases significantly differed for VRatioPermT (all p-values’ < .001) 
but for VRatioT the phases differed only between the phases 1 – 25 % and 26 – 50 % (t19 = 3.401; p 
= .003)  and between the phases 26 – 50 % and 51 – 75 % (t19 = -6.2; p < .001). As illustrated in 
Fig. 6 this finding implies that the amount of individual joint variability relative to the amount 
of VRatio was largest during the last phase of the reaching movement. The significant interaction 
between Ratio component and physical demand was further explored with post-hoc analysis 
on VRatioT and VRatioPermT averaged across ID and phases. Each physical demand condition was 
compared with the 0 kg condition demonstrating that after Bonferroni correction VRatioT did 
not differ across physical demands but VRatioPermT of the 0 kg condition was significantly lower as 
compared to the 0.5 kg condition (t19 = - 2.8; p = .011). This finding implies that the amount of 
individual joint variability relative to the amount of VRatio was larger in the 0.5 kg as compared 
to 0 kg condition.

3.3.5. End-effector kinematics
In order to determine whether behavior of the participants in the current study complied to 
findings in other studies we determined the effect of task demand on end-point kinematics. 
Table 7 shows the significant main effects of the repeated measures ANOVA on movement 
time and peak velocity of the end-effector for the dexterity demand and physical demand 
conditions. As expected the total movement time increased and peak velocity values decreased 
as dexterity and physical demands became more challenging (Table 7). The mean coefficient of 

3



522461-L-bw-Greve522461-L-bw-Greve522461-L-bw-Greve522461-L-bw-Greve
Processed on: 20-8-2018Processed on: 20-8-2018Processed on: 20-8-2018Processed on: 20-8-2018 PDF page: 63PDF page: 63PDF page: 63PDF page: 63

63

the regression line between movement time (s) and ID, representing the speed-accuracy trade-
off for the dexterity demand conditions was .035 (±.025). Furthermore, kinematic analysis of 
the end-effector showed that the symmetry index significantly increased as physical demands 
increased (F4, 76 = 62.9; p = <.001; η2

G = .19). Further analysis on the duration of the acceleration 
and deceleration showed that both the acceleration and deceleration prolonged with higher 
dexterity (acceleration: F1.4,27.4 = 7.6; p = .005; η2

G = .02; deceleration: F1.3, 24.3 = 5.3; p = .023; η2
G = 

.03)  and physical demands (acceleration: F1.7, 33.1 = 100.9; p < .001; η2
G = .32; deceleration: F2.9, 55.5 

= 3.7; p = .018; η2
G < .01).  The effect sizes show that the acceleration phase was more affected by 

the physical as compared to the dexterity demand and the deceleration phase was more affected 
by the dexterity as compared to the physical demand. 

Table 7. Effects of dexterity and physical demand on end-effector kinematics. 

Within-subject factor Mean SEM F df p-value η2G

Movement time 
(sec.)

Dexterity

ID 4 .541 .034

6.8 1.3, 25.1   .010 .03ID 5 .576 .036

ID 6 .611 .036

Physical

0.0 kg .515 .029

51.5 2.1, 40.5 <.001 .07

0.5 kg .547 .035

1.0 kg .570 .033

1.5 kg .611 .036

2.0 kg .636 .038

Peak Velocity 
(m/sec.)

Dexterity

ID 4 1.014 .051
6.1 1.2, 23.3 .005 .13

ID 5 .959 .046

ID 6 .924 .042

Physical

0.0 kg 1.046 .046

44.4 2, 37.7 <.001 .26

0.5 kg 1.000 .048

1.0 kg .959 .045

1.5 kg .926 .043

2.0 kg .897 .041

3.3.6. End-effector accuracy
The repeated measures ANOVA on standard deviations of the tangential end-effector position 
revealed a significant main effect for dexterity demand (F2,38 = 13.4, p < .001, η2

G = .172) 
and physical demand (F4,76 = 5.9, p < .001, η2

G = .070). As expected, Figure 8 shows that as 
the dexterity demand increased standard deviations of the end-effector position decreased. 
Pairwise comparisons showed that after Bonferroni correction the standard deviation of the 
tangential end-effector position was significantly lower for the ID 5 (p = .002) and ID 6 (p = 
.004) condition compared to the ID 4 condition.
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Figure 8. Effects of dexterity demand on end-effector accuracy expressed as standard 
deviation error in mm. 

* p  = .05. Vertical bars denote standard error of the mean

Figure 9 illustrates the significant main effect of the physical demand on end-effector accuracy. 
Pairwise comparisons showed that after Bonferroni correction the standard deviation of 
the tangential end-effector position was only significantly higher during the 2 kg condition 
compared to the 0 kg physical demand condition (p = .019). Comparing the 0 kg condition with 
the 0.5, 1 kg and 1.5 kg condition did not show any significant difference. 

Figure 9. Effects of physical demand on end-effector accuracy expressed as standard 
deviation error in mm. 

*

* p  = .05. Vertical bars denote standard error of the mean.

Additionally we investigated whether participants did reach the target by calculating the 
effective target width of the tangential end-effector position. The effective target width for the 
ID  4 (1.56 cm) condition was .89 (±.58) cm, for the  ID 5 (.78 cm) condition .76 (±.52) cm and for 
the ID 6 (.39 cm) condition .72 (± .46) cm. This demonstrated that for ID 5 and ID 6 the targets 
were often missed.  
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3.3.7. Associations between motor flexibility and end-effector accuracy
Correlation analysis revealed significant negative associations between VRatioT and the across 
trial end-effector standard deviation of the last movement phase (75 – 100 %; r = -.461; DF = 18; 
p = .041) and between VRatioT of the last movement phase and the effective target width (r = -.634; 
DF = 18; p = .003). Interestingly, VRatioT at the end point of reaching was not associated with the 
effective target width (r = -.110; DF = 18; p = .644). 

3.4. DISCUSSION

The current study examined the idea that an increase in motor flexibility mediates the 
preservation of movement accuracy as physical and dexterity demands increase during a 
reaching task. We hypothesized that a) motor flexibility increases as physical demands increase; 
b) motor flexibility increases as dexterity demands increase; c) motor flexibility increases more 
with increasing physical demands during high as compared to low dexterity demand conditions, 
and d) the increase in motor flexibility would be characterized by an increase in GEV while 
NGEV remains rather unaffected with higher physical and dexterity demands. Our results 
showed that despite increases in GEV and NGEV as a function of physical demand (Fig. 4), VRatio 

remained unchanged as the physical demand of the reaching task increased (Fig. 5). Increase 
in the dexterity demand did not affect the amount of GEV or NGEV. Our findings show that 
the neuromuscular systems’ behavior is affected by changes in the physical but not dexterity 
demand during upper extremity reaching. We argue that as physical demand increases, larger 
sensorimotor noise in the system causes an increase in NGEV. The neuromuscular system 
adapts to these changes and increases the exploration of joint coordination patterns stabilizing 
the end-effector position (i.e., GEV) to maintain stable values of VRatio. This strategy allows 
the preservation of movement accuracy despite larger physical demands. Because there was 
no interaction between physical and dexterity demand, we discuss these two effects on motor 
flexibility separately. Our findings are in line with a previous study that examined the pattern 
of adaptation to a force-field applied orthogonal to movement direction of a planar reaching 
task [32]. Despite the question and experimental design of that paper was different from that of 
ours, there are some similarities in the findings that both GEV and NGEV were higher as the 
movement was perturbed by the force-field [32].

3.4.1. Motor flexibility is maintained as physical demands increase during 
reaching
The results demonstrate a proportional increase of GEV and NGEV without a change in VRatio 
as physical demands increase during reaching (Figs 4 and 5). This finding suggests that the 
neuromuscular system increases the exploration of those joint angle combinations stabilizing 
the pointer tip position (GEV) proportional to the increase in de-stabilizing variability (NGEV) 
during physically more demanding reaching conditions. This strategy allows the neuromuscular 
system to maintain stable values of VRatio and preserve movement accuracy despite larger physical 
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demands. Overall our findings do not confirm our hypothesis but agree with the idea that under 
certain conditions when the physical demand is high during a motor task flexibility in the 
available DOF is employed to counter the high physical demands and mediate performance 
stability [17]. Furthermore dexterity and physical demands did not interact during reaching. A 
lack of effect of dexterity on motor flexibility is especially surprising because it is reasonable to 
expect motor flexibility to adapt to target size.

To the best of our knowledge this is the first demonstration of a relationship between physical 
demand and motor flexibility in a reaching task. We interpret this relationship in the context 
of previous studies showing that sensorimotor noise in the neuromuscular system increases 
approximately linearly with increasing force demands during motor tasks [33–35]. Sensorimotor 
noise interferes with the neural signal that produces the reaching movement. We argue that in 
our study the documented increase in NGEV with increasing force demands originated from 
demand-dependent increase in sensorimotor noise that is presumably present at each phase 
of a reaching task, including object localization, motor command generation, and muscle 
activation by this command to execute the movement [36]. The neuromuscular system counters 
the disturbing effects of increasing noise by a proportional increase in the exploration of those 
joint angle combinations stabilizing the end-effector position. This increase in GEV prevents a 
drop in the VRatio and allows the preservation of performance stability despite higher physical 
demands.  

We documented that the neuromuscular system makes flexible use of the available DOF to 
mediate performance stability at relatively small increases in the physical demand during 
reaching. Old adults increased GEV and constrained NGEV to mediate performance stability 
during a physically high demanding sit-to-stand task [17]. That the neuromuscular system in 
young and old adults makes flexible use of the available DOF to mediate performance stability 
across a broad range of physical demands and across different tasks suggests that this may be 
a general strategy to maintain motor performance in the face of increasing physical demand. 
In line with this argument we found significant correlations between the strength of the 
stabilizing effect of motor flexibility (VRatio) and accuracy of motor performance showing that 
those participants who employed larger VRatio were more accurate. Interestingly, this association 
was strongest between VRatio of the last movement phase and accuracy at the end-point of 
reaching and there was no association between VRatio at the end-point of reaching and end-
point accuracy. The finding that this correlation between the stabilizing effect and end-effector 
accuracy was present in the last phase of the movement but not at the moment that the target 
was actually reached, made us treat our finding with caution. We think further study is required 
to characterize this relationship more accurately.

The effect of physical demand on motor behavior was previously investigated by analyzing how 
muscle activation patterns change during motor tasks with different loads [37–41]. These studies 
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showed that agonist-antagonist muscle coactivation increased with increasing load instability 
or with changing external loads. The authors argued that as the load of the most distal segment 
changes (as in some conditions of our experiment), magnitude of interaction torques may 
increase and increases in agonist-antagonist muscle coactivation mediate performance stability 
by minimizing the disturbing effects of limb dynamics [40,42]. Intuitively, this concept of larger 
antagonist muscle coactivation with higher physical demands contrasts with our findings on 
the flexible use of the available DOF to mediate performance stability as physical demands 
increase. Linking the equilibrium point hypothesis (EPH) [43,44] with the UCM approach may 
resolve this discrepancy. Latash (2010) proposed that increasing antagonist muscle coactivation 
and flexibility in joint coordination patterns are two distinct motor control strategies mediating 
performance stability as the physical constraints of a motor task change [45]. Within this 
paradigm, it is possible that flexibility in the available DOF increases when muscle coativation 
increases. However detailed analyses of how motor flexibility and muscle coactivation are 
regulated concurrently is beyond the scope of the present paper but will be the topic of one of 
our future studies.  

Although our general results are in line with our previous study using a lower extremity 
task [17], we did not document an increase but maintenance of the stabilizing effect of motor 
flexibility with increasing physical demands. GEV was significantly higher in old as compared 
to young adults and NGEV did not differ between age-groups [17]. We suspect that the 
diminished muscle reserve capacity in the whole-body sit to stand task as compared to our 
less demanding reaching task may underlie the GEV and NGEV differences. We argue that 
during less demanding reaching tasks the increase in NGEV with increasing physical demands 
is counteracted by a proportional increase in GEV. This strategy is sufficient to keep motor 
flexibility versatile and mediate performance stability during relatively small increases in 
the physical demand. However during high demanding tasks it is feasible to assume that the 
amount of GEV, which can be employed by the neuromuscular system to counter the increase 
in NGEV is not infinite. Therefore when operating close to maximum physical capacity, the 
employment of GEV is increased and NGEV is constrained. Furthermore, in contrast to the 
reaching task, instability of the performance manifested through larger NGEV in the complex 
sit-to-stand task could cause a fall and harm the integrity of the neuromuscular system. 
Constraining the increase of NGEV with increasing physical demands during postural tasks 
might therefore be a safety mechanism. Collectively the present and previous findings provide 
evidence for a task-dependent control of motor flexibility that is scaled to the reserve capacity 
of the system. Accordingly, neuromuscular system’s motor performance is stabilized through: 
a) a proportional increase in GEV as compared to NGEV during reaching tasks relatively far 
from the maximum load that can be handled and b) increases in GEV and constraining NGEV 
during high demanding postural tasks.
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3.4.2.  End-effector kinematics and physical demand
As the resistance to the movement increased during physically more demanding conditions, 
peak velocity decreased and total movement time increased. Total movement time increased 
because the acceleration phase became longer, confirming previous findings. For example, 
movement times became longer when the inertial load increased during reaching tasks around 
the elbow joint in the horizontal plane [46]. Peak angular velocity also decreased as physical 
demand increased during vertical arm movements [7]. Finally there was an increase in the time 
needed to achieve peak velocity with increasing physical demand during a reciprocal aiming 
task in the horizontal plane [8].  

3.4.3. Motor Flexibility is unrelated to dexterity demand during reaching
In contrast to our hypothesis, there was no relationship between dexterity and motor flexibility 
during upper extremity reaching, suggesting that dexterity demand did not affect the 
exploration of joint angle combinations. Our results further showed that increase in dexterity 
demand affected reaching kinematics, that is, resulting in longer movement time and lower 
peak velocity. The documented longer movement time was characterized by a prolongation of 
the deceleration and acceleration phase. A prolongation of the deceleration phase is assumed to 
allow the operator to rely more on visual feedback [1,4–6]. These kinematic adaptations were in 
line with previous studies [1].

The finding that dexterity demand did not affect motor flexibility in combination with our 
results on end-effector kinematics and the well-documented speed accuracy trade-off in earlier 
studies [1], suggests that adjustments in end-effector kinematics rather than motor flexibility 
mediate movement accuracy as dexterity demands increase. However it is important to note 
that compared to a previous study [1], our results showed a less pronounced speed-accuracy 
trade-off and a smaller decrease in the effective target widths with higher dexterity demands 
(Table 7; Fig. 8). During the highest dexterity demand condition (ID 6) many participants even 
missed the target. These findings imply that our participants chose a strategy of reaching fast 
at the expense of accuracy. This relative importance of movement speed over accuracy might 
explain in part that motor flexibility did not change with increasing dexterity demand during 
reaching. 

Previous studies reported that the neuromuscular system employs less motor flexibility when 
reaching to targets with a high dexterity demand [15]. The specific experimental conditions 
might cause the discrepancy between our results and the previous data because in that study 
subjects were instructed to move at the same speed across trials and reached the target in the 
same time independent of ID [15]. In line with the Fitts’ task paradigm, we instructed our 
participants to move as rapidly and accurately as possible. Further, Tseng et al (2003) did not 
report end-point accuracy during either the high or low ID condition, which makes it unclear if 
participants actually reached the target during both dexterity demand conditions [15].
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3.4.4. Practical implications 
When we extend our arm and place first a light then a heavy object at the same target location, 
the object’s higher mass increases the amount of sensorimotor noise causing an increase in de-
stabilizing variability (NGEV) in the neuromuscular system, which makes accurate movement 
execution more challenging. To place the heavier object as rapidly and accurately as the light one, 
the neuromuscular system makes minute adjustments and adapts. There is opportunity for such 
adjustments because the object’s greater mass slows the movement. The UCM analysis in the 
present study captured such adjustments and revealed that even healthy young adults execute 
reaching with relatively high loads by unconsciously increasing the exploration of the range 
of available and possible motor solutions to complete the task according instructions: rapidly 
and accurately. Such findings have implications for exercise interventions designed to improve 
athletic performance and make upper extremity movements better timed and coordinated in a 
variety of patient groups and old adults.

Highly trained athletes such as basketball players are able to execute the same motor skills, 
like a jump shot, from many positions on the field and in unpredictable game situations. Such 
athletes possess an expansive movement repertoire that affords them performance flexibility. 
Our findings suggest that practicing a specific motor task like a jump shot, under physically 
challenging conditions by using a slightly heavier basketball would require ball players to 
unconsciously explore a larger range of possible motor solutions. Increasing the exploration 
of motor solutions which do not deviate the ball from its desired path (GEV) would allow the 
athlete to counter the larger de-stabilizing variability and perform an accurate jump shot even 
though the ball is heavier. A chronic exploitation to a larger range of possible motor solutions 
provides the athlete with more flexibility and the ability to choose from a larger range of motor 
solutions when the weight of the ball is reduced during a game.

In daily life, we perform the same tasks in different postural contexts and positions and, for 
example, reach for objects when we stand or sit. In contrast to healthy individuals, patients and 
old adults who suffer from upper extremity coordination deficits find even simple reaching tasks 
challenging and, similarly to athletes, would benefit from therapy that manipulates physical 
demand.

3.5. LIMITATIONS

In the current study we investigated a reaching task with the upper extremity. However, due to the 
task manipulation participants held a pointer tool in their hand and the metacarpophalangeal 
and interphalangeal joints were excluded from the analysis. This resulted in 7 instead of 9 DOF 
for the geometric arm model, which limits comparability of our results to reaching or pointing 
tasks involving 9 DOF. Furthermore our experimental set-up did not account for individual 
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differences in height and arm length. Therefore at the end of the reaching movement participants 
with shorter arm length had a smaller residual range of motion in the involved joints, which 
might have limited their ability to explore varying joint coordination patterns.

3.6. CONCLUSION

We observed a relationship between physical demand and flexibility in the available DOF 
when young adults were instructed to point at a target rapidly and accurately. We interpret 
this finding in the context of previous studies showing that sensorimotor noise increases with 
increasing physical demands. The increase in sensorimotor noise with higher physical demands 
was represented in our study by larger NGEV. We propose that making flexible use of the 
available DOF to counter the de-stabilizing increase in NGEV is a general strategy employed by 
the neuromuscular system to preserve movement accuracy under physically more demanding 
conditions. The dexterity demand of the reaching task did not affect flexibility in the joint 
coordination patterns. Future studies should examine the possibility that next to adaptations in 
flexibility of joint coordination patterns, modulation of agonist-antagonist muscle coactivation 
is an additional and perhaps synergistic strategy contributing to accurate task execution under 
physically more challenging conditions.
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Old adults preserve motor flexibility 
during rapid reaching
Christian Greve, Tibor Hortobágyi, Raoul M. Bongers
Eur J Appl Physiol. 2017 May;117(5):955-967

ABSTRACT
Our ability to flexibly coordinate the available degrees of freedom allows us 
to perform activities of daily living under various task constraints. Healthy old 
adults exhibit subclinical peripheral and central nervous system dysfunctions, 
possibly compromising the flexibility in inter-joint coordination during voluntary 
movements and the ability to adapt to varying task constraints. We examined 
how healthy old (75.4±5.2 years, n = 14) compared with young adults (24.3 
±2 years, n = 15) make use of the available motor flexibility to adapt to physical 
and dexterity constraints during a rapid goal-directed reaching task. We 
manipulated physical and dexterity demands by changing, respectively, 
external resistance and target size. Motor flexibility was quantified by an 
uncontrolled manifold (UCM) analysis. We found that healthy young and 
old adults employ similar motor flexibility as quantified by the ratio between 
goal-equivalent and non-goal equivalent variability (VRatio) and were similarly 
able to adapt to increases in physical and dexterity demands during goal-
directed rapid reaching (VRatio: p = .092; young: .548± .113; old: .264±.117). Age 
affected end-effector kinematics. Motor flexibility and end-effector kinematics 
did not correlate. The data challenge the prevailing view that old age affects 
movement capabilities in general and provide specific evidence that healthy 
old adults preserve motor flexibility during a reaching task. Future studies 
applying UCM analysis should examine if experimental set-ups limit movement 
exploration, leaving possible age differences undetected. 

4



522461-L-bw-Greve522461-L-bw-Greve522461-L-bw-Greve522461-L-bw-Greve
Processed on: 20-8-2018Processed on: 20-8-2018Processed on: 20-8-2018Processed on: 20-8-2018 PDF page: 76PDF page: 76PDF page: 76PDF page: 76

76

4.1 INTRODUCTION

Environmental challenges and task constraints require the neuromuscular system to adapt 
when performing goal-directed actions in daily life. Flexibility is a prominent feature of motor 
adaptability. Flexibility is the capacity of the neuromuscular system to make fine adjustments 
in the coordination of the available degrees of freedom (e.g., joint angles) while ensuring 
successful completion of the intended motor act [1–3]. However, even healthy old adults exhibit 
subclinical peripheral and central nervous system dysfunctions such as increased agonist-
antagonist muscle co-activation, deterioration in the size and number of muscle fibers, and 
impaired intracortical inhibition, possibly affecting motor flexibly[4–15].
 
Predictably, old compared with young adults execute activities of daily living (ADLs) more 
slowly, unsteadily, and inaccurately [16–21]. However, there is conflicting evidence as to how and 
if at all old age affects motor flexibility during reaching, as motor flexibility during reaching was 
less [22,23], similar [24], or even greater [25] in old compared with young adults. Moreover, old 
compared to young adults employ less motor flexibility during multi-finger force coordination 
[26–28] and standing balance tasks [29,30] but similar motor flexibility during the initiation of 
a step over an object [31], walking [32] and hand rotation tasks [33] and larger motor flexibility 
in sit-to-stand tasks [34]. 

We address two factors as potential sources of the inconsistencies in age differences in 
motor flexibility during goal-directed reaching movements. First, previous studies reported 
similar total movement time [22,24] and peak velocity [24] during reaching in old and young 
participants. These similarities between age groups contrast with the age-related decrease in 
reaching performance and might represent behavior at the boundary of the natural motor 
repertoire possibly biasing motor flexibility in favor of old adults [35,36]. Second, previous 
studies did not manipulate task constraints during reaching even though reaching is done 
under a variety of conditions in daily life. Thus, Aim 1 was to determine the effects of age 
on the use of the available motor flexibility while performing goal-directed reaching under 
physical and dexterity constraints. We hypothesized that healthy old compared with young 
adults use less motor flexibility, select fewer of the available joint configurations, and reduce 
performance stability with increasing demands. Considering the inconclusive effects of age on 
motor flexibility, our alternative hypothesis is that motor flexibility is retained in old age despite 
reductions in movement velocity. To further understand how healthy ageing affects reaching 
behavior, Aim 2 examined the association between end-effector kinematics (i.e., reaching speed 
and accuracy on target) and motor flexibility in each age group.
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4.2 METHODS

4.2.1 Participants  
Healthy young (4 males and 11 females, 24.3 ±2 years) and old (4 males and 10 females, 75.4±5.2 
years) adults participated in the study. Participants were free of neurological or musculoskeletal 
disorders in the neck, shoulder, arm or hand and had normal or corrected to normal vision. 

4.2.2. Experimental Design  
Participants performed a goal-directed upper extremity reaching task as fast and accurately 
as possible under four experimental conditions: low dexterity and low physical demand, low 
dexterity and high physical demand, high dexterity and low physical demand, and high dexterity 
and high physical demand. In a control experiment, healthy young adults performed the same 
reaching task but at a comfortable instead of maximal speed. We manipulated physical demand 
by increasing the resistance to the reaching movement expressed as 0% (low; 0.2 kg) and 13% 
(high) of the averaged maximum voluntary contraction (MVC) values. We selected the 13% 
load based on pilot data (n = 4) and kinematic data from a previous study [37]. We manipulated 
dexterity demand by decreasing the diameter of the target while the distance between start 
position and target location was kept constant (low: 1.56 cm (= index of difficulty (ID): 4) and 
high: .39 cm (ID: 6)) [38]. Before the start of each reaching condition participants performed 
three familiarization trials using the new weight or dexterity condition. After familiarization, 
participants performed 25 reaching trials for each condition. The order of reaching conditions 
for each block of 25 trials was randomized between participants. In total each participant 
performed 4 conditions of each 25 reaching trials, resulting in 100 reaching movements. 

4.2.3. Experimental set-up  
Figure 1 shows a schematic overview of the experimental set-up described in detail previously 
[37]. Participants reached with a small handheld tool in a forward direction toward a target. 
A cord connected the handheld tool and a pulley that could hold small weights. During the 
reaching movement the cord was situated between the participant’s arm and trunk without 
interfering with the reaching movement. An Optotrak motion capture system consisting of 
two units recorded at 100 Hz the position of six triangular rigid body markers each equipped 
with an LED in each of the three corners that were used to collect the data. The rigid bodies 
were attached on the sternum (legs of the triangle were 6cm), and on the right side of the body 
on the acromion (legs of the triangle were 3cm), on the lateral aspect of the upper arm just 
proximal to the insertion of the deltoid muscle (legs of the triangle were 6cm), the lateral aspect 
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of the lower arm just proximal to the ulnar and styloid process (legs of the triangle were 6cm), 
the dorsal surface of the hand (legs of the triangle were 3cm) and at the pointer tool (legs of 
the triangle were 3cm) [39]. A crossover harness minimized trunk movement during reaching. 
Before each reaching trial, the experimenter checked and corrected, if needed, the start position 
of the participants. The distance between start position of the pointer tip and the target location 
was 25 cm (18.8 cm in depth and 16.6 cm vertical distance from table top). 

Figure 1. Experimental set-up

Participants sat in an adjustable chair in front of a table so that the olecranon process with the elbow flexed at 90° was at 
tabletop height. The start posture was approximately 20° shoulder abduction, 90° elbow flexion and 90° pronation. To have 
a consistent start position, participants placed their right olecranon on an elbow support and the pointer tip in a pre-defined 
start position. The elbow support was positioned at the right side of the participants’ body at the same height with the table. 
The start position of the pointer tip was marked on the table with a dot of the size of the diameter of the pointer tip. During the 
start position the back of the pointer tool was placed against a wooden bar in order to release the load [37].

4.2.4. Experimental procedures 
First, we measured body mass, height, and handedness [40]. To define the weight for the 
13% physical demand condition and to quantify whether participants fatigued during the 
experiment, before and after the experiment participants performed three trials of 4-s-long 
MVCs against a load cell of a hand-held dynamometer (ErgoFet, Hoggan Health Industries, 
West Jordan, USA). The MVC was executed in the start position of the reaching movement 
(Figure 1). The average of the three trials was used in the analysis. Participants rested for 30-60 
seconds between consecutive MVCs. In the 0% weight condition a weight of 0.2 kg was attached 
to the cord, which was just enough to keep the cord taut. 

In the main experiment, the young and old adults reached toward the target as fast as possible 
in response to an auditory cue. After each reaching movement, participants remained in contact 
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with the target until a second auditory cue and then moved the arm back to the start position. 
The experimenter emphasized that the reaching task was not a reaction time task but that after 
initiation of the reaching movement the participants had to move as fast as possible. At any time 
during the experiment participants were allowed to pause, rest, and drink water. There was one 
minute of rest between conditions. The entire experiment lasted 45 to 60 minutes, including 
putting on the markers and calibrating the system. 

4.2.5. Joint angle computation   
Joint angles were computed based on standards established by the International Society of 
Biomechanics [41]. Based on bony landmarks and the displacements of the markers on the 
rigid bodies, local coordinate systems were computed. Global and local orientations of segment 
coordinate systems were calculated based on the combination of the local coordinate systems 
[41]. During the calibration procedure, 17 bony landmarks were digitized with a standard 
pointer device [39]. Based on the joint position data, we computed the following joint rotations: 
shoulder plane elevation, shoulder elevation, shoulder inward–outward rotation, elbow flexion–
extension, forearm pronation–supination, wrist flexion–extension and wrist abduction–
adduction.

4.2.6. UCM analysis   
To establish age differences in motor flexibility, we subjected the joint position data to UCM 
analysis. The UCM method decomposes trial-to-trial variability in the effector system into 
variability stabilizing task important variables (e.g., end-effector position during reaching), 
coined goal equivalent variability (GEV), and variability causing a deviation of the end-effector 
from its desired position (non-goal equivalent variability (NGEV)) [1,42]. GEV underlies co-
variation between joints of the moving limb and reflects variability in joint configuration 
patterns with which the end-effector position is not affected. Our UCM analysis was performed 
at the end-point of the reaching movement for the UCM components GEV, NGEV and the ratio 
between GEV/NGEV (VRatio), with the latter indicating the strength of the stabilizing effect of 
motor flexibility on the end-effector position. We hypothesized that GEV would be lower and 
NGEV similar in old as compared to young adults. UCM analysis was based on the covariance 
matrix C and performed as described in detail previously (Latash et al., 2007; Yen and Chang, 
2010; Verrel, 2011). The joint angular data of the shoulder, elbow and wrist were used as 
elemental variables resulting in a 7-DOF system. The pointer tip position (2 DOF) was selected 
as the performance variable. The Jacobian (J), necessary to relate changes in elemental variables 
to changes in the performance variable, was computed based on a 3D forward kinematics 
model relating joint configurations to pointer tip position [3,46]. The accuracy of the forward 
kinematics model was tested previously [37]. 
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4.2.7. Individual joint variability and multi-joint covariation
The UCM analysis performed as described above does not differentiate between UCM effects 
due to individual joint variability or multi-joint covariation. To establish whether UCM 
effects originated from multi-joint covariation and were not confounded by individual joint 
variability, a permutation analysis was performed. We performed permutation analysis based 
on the covariance matrix C [44,45]. The covariance matrix of the permuted data set (CPerm) was 
computed by setting the off-diagonal terms to zero. GEVPerm and NGEVPerm were computed as 
the original UCM components but then with the covariance matrix CPerm. As a measure for the 
amount of UCM effects originating from individual joint variability we computed the ratio 
between GEVPerm and NGEVPerm (VRatioPerm). Larger amounts of VRatio as compared to VRatioPerm 

imply that the UCM effects largely originated from multi-joint co-variation and not individual 
joint variability [44,45]. As for all UCM measures VRatioPerm was log transformed before statistical 
analysis (VRatioPerm = log(VRatioPerm)). A detailed decription of the analysis can be found elsewhere 
[37,44,45].

4.2.8. Control Experiment
To ascertain that age differences in motor flexibility were not due to adaptations in reaching 
kinematics and to establish how adaptations in reaching kinematics relate to motor flexibility, 
we performed a control experiment in 13 healthy young adults. The participants from the control 
experiment performed the same reaching task as in the main experiment but were instructed 
to perform the reaching task at their preferred speed. The kinematic differences between the 
young adults from the main experiment and the young adults from the control experiment 
produced similar kinematic differences as between the young and old adults from the main 
experiment. By comparing motor flexibility between both young experiment groups we were 
able to establish how adaptations in end-effector kinematics affect motor flexibility. This was 
important to establish whether possible age differences in motor flexibility were the result 
from age-related differences in end-effector kinematics or age-differences in joint coordination 
patterns.  

4.2.9. Data analysis  
We analyzed the data with MATLAB scripts (Version R2012, Natick, USA). The coordinate data 
of each marker was filtered using a bi-directional 4th order Butterworth filter with a cut-off 
frequency of 8 Hz. Start and end of the movement was defined as the velocity of the pointer tip 
in forward direction above 2 mm·s-1 and below 2 mm·s-1. Based on the initiation and end of the 
movement the total movement time of each reaching trial was computed. Our UCM analysis 
was performed during the movement at 4 phases of the time normalized data and at the end-
point of the reaching movement similar to a previous study [37]. However, movement phase 
did not affect the results and we only present and discuss the results from the analysis at the 
end point of the reaching movement. To compute the acceleration times, deceleration times 
and peak velocities of each reaching trial we used the tangential velocity of the pointer tip, 
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computed based on the 3D position data. The sum of the square roots of the 3D position data 
gave the tangential end-effector position.

4.2.10. Statistics
The statistical analysis was performed with SPSS 20.0. To investigate age differences in motor 
flexibility during rapid reaching we performed two repeated measures ANOVA. The first 
analysis was performed on VRatio with dexterity demand (ID 4 and ID 6) and physical demand 
(0% and 13 %) as within subjects factors and age (young and old) as between subjects factor. 
The second analysis was performed on variability per DOF with UCM components (GEV and 
NGEV), dexterity demand, and physical demand as within subjects factor and age as between 
subjects factor. To establish age differences in end-effector kinematics five repeated measures 
ANOVA on total movement time, duration of the acceleration and deceleration phase, peak 
velocity and the effective target width with dexterity demand and physical demand as within 
subjects factor and age as between subjects factor were performed.

To determine whether UCM effects originated from individual joint variability or multi-joint 
co-variation and whether this differed between age groups we performed a repeated measures 
ANOVA on variability per DOF with ratio component (VRatio and VRatioPerm), dexterity demand 
and physical demand as within subjects factor and age as between subjects factor.

We examined whether group differences in movement speed affected our findings on UCM 
measures with a repeated measures ANOVA on VRatio in the young adults from the main 
experiment and control group with dexterity and physical demand as within subjects factor 
and experiment group (control and main group) as between subjects factor. To establish the 
association between end-effector kinematics and motor flexibility in young and old adults we 
performed a repeated measures ANOVA on VRatio in the young and old adults from the main 
experiment group with dexterity and physical demand as within subjects factor, age as between 
subjects factor and total movement time, the duration of the deceleration phase and peak 
velocity values averaged across dexterity and physical constraints as co-variates (ANCOVA). 
Finally we investigated whether the duration of the deceleration phase was associated with 
the young and old adults’ GEV with correlation analysis. Therefore, we performed correlation 
analysis between GEV and the duration of the deceleration phase averaged across dexterity and 
physical constraints for both young experiment groups and the old adults separately.

If the assumption of sphericity was violated, the Greenhouse-Geisser correction was applied. 
To interpret the significant effects of the ANOVAs, the eta-squared (η2) for effect size was used 
[47,48]. The effect sizes were interpreted according to Cohen’s (Cohen 1988) recommendation 
of .02 for a small effect, .13 for a medium effect and .26 for a large effect [47]. Only statistically 
significant results (p < .05) and an η2 value above .02 were further analyzed with post-hoc 
comparisons. 

old adults preserve motor flexibility during rapid reaching
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Based on a previous study from Verrel et al (2012; η2 = .43 ) during which healthy young and old 
adults reached at their comfortable speed, we expected a moderate η2 = .6 for a possible age effect 
on motor flexibility when reaching at maximum speed and under challenging task demands. 
We used G*Power and calculated that the required total sample size was 24 participants for an 
alpha level of .05 and a power of .8 [49].

4.3. RESULTS

4.3.1 Participants characteristics
In total 29 (15 young and 14 old) participants performed 25 reaching trials for each experimental 
condition of which on average 21.3±1.2 trials for each participant and condition were included 
in the analysis. Trials during which one or more markers were invisible were excluded from 
the analysis. Due to the larger number of females in both the healthy young and old adults 
group we performed two analyses to establish whether the gender affected the results. First 
we performed the repeated measures ANOVA on variability per degree of freedom (GEV and 
NGEV) in female participants only. In the second analysis we repeated this analysis with all 
participants included but with age and gender as between subjects factor. The results of the 
repeated measures ANOVA in only females revealed similar results as when all participants 
were included. Furthermore the repeated measures ANOVA with gender as between subjects 
factor did not reveal any significant main effects for gender or interaction effects between gender 
and variability (gender: p = .227, F1, 25 = 1.5; variability * gender: p = .736, F1,25 = .116). Therefore 
we are confident that our results can be generalized to the general population.

Table 1 shows the anthropometrics, strength measurements, VAS-scores and clinical data for 
the young and old participants. Old compared to young participants had lower grip strength 
(t21.2 = 4.1; p < .01), performed slower on the 9 Hole Peg test (t20.5 = 5.3; p < .01), and had lower 
MVC (F1, 27 = 10.6; p = .003). The interaction effect between age and measurement suggests that 
the task was more fatiguing for the young as compared to the old adults (F1, 27 = 6.2; p = .019; η2 
= .16 ; Table 1). In line with the MVC measurements analysis of the VAS scores showed that the 
young adults perceived the experiment as more fatiguing (t27 = 3.8; p < .01; Table 1). 
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Table 1. Anthropometric, strength and clinical data

   Young                    Old                   

Mean ±SD Mean ±SD

Age (years) 22.5 2.3 75.4 5.2

BMI (kg/m^2) 21.6 2.1 26.2 3.8

Body Weight (kg) 67.0 9.1 74.6 9.5

Height (cm) 176.1 10.3 169 6.3

Strength (N)a+ Pre 2.64 0.75 1.80 0.54

Post 2.43 0.60 1.81 0.54

Grip Strength (kg)a++  0.44  0.09  0.29  0.06

9 Hole Peg Test (sec.)++ 16.9 1.9 22.4 3.4

VAS score+ 36.3 16.2 17.4 9.3

aStrength profile normalized by body weight (kg); + indicates significant age difference ( + = p < .05; ++ = p < .01).

4.3.2. Joint position data
Figure 2 shows the joint position data of the low dexterity and low physical demand conditions 
for young (left panel) and old (right panel) participants. Joint positions were similar between 
age groups but the variation was greater in the old compared with the young group.

old adults preserve motor flexibility during rapid reaching
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Figure 2. Time normalized joint position data of the ID 4 and 0 kg condition for young 
and old participants

 
The blue line gives the mean, the dashed green line gives the mean of the within participant standard deviation and the 
red dashed line gives the standard error of the mean of the time normalized joint position data in degrees of the shoulder, 
elbow and wrist joint. The left panel gives the time normalized joint position data of the young and the right panel of the old 
participants.

4.3.3. Flexibility in motor behavior
Analysis on VRatio at the end-point of the reach did not reveal significant main or interaction 
effects. In addition to examining the effects of task constraints on the stabilizing effect of motor 
flexibility, we sought to determine whether variations in physical or dexterity constraints 
affected the variability components (GEV and NGEV) differently in the two age groups (Table 
2). The repeated measures ANOVA revealed significant main effects for variability, physical 
demand and dexterity demand but no interaction effects or significant age group effects. These 
findings are in line with our previous reaching experiment [37] and together with the results on 
VRatio demonstrate that both young and old adults similarly increased GEV and stabilized the 
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VRatio as the amount of NGEV increased with increasing physical constraints of the reaching 
task (Figure 3).

Table 2. Relevant main effects of repeated measures ANOVA on log transformed 
variability per DOF at the end point of reaching

Between/ Within-subject factor Mean SEM F df p-value η2
G

Variability (end-point) GEV -6.9 .084 24.9 1,27  <.001 .089

NGEV -7.4 .107

Physical (end-point) 0 % -7.5 .093   22.9 1,27   <.001 .177

13 % -6.9 .117

Dexterity (end-point) ID 4 -7.1 .090 6.6 1,27   .016 .010

ID 6 -7.3 .092

Figure 3. GEV and NGEV (log transformed) averaged across age and dexterity 
constraints for both physical demand conditions

Vertical bars denote standard error of the mean.

4.3.4. Individual joint variability and multi-joint co-variation
Th e permutation analysis aimed to determine whether UCM eff ects originated from multi-joint 
covariation or individual joint variability. Th erefore, only the results pertaining to this question 
will be presented and discussed. Th e repeated measures ANOVA revealed a signifi cant main 
eff ect for ratio component (VRatioT = .41±.08, VRatioPermT = .18 ±.05; F1,27 = 21.5, p = <.001, η2 = .036) 
which implies that the UCM eff ects mainly originated from multi-joint covariation and not 
individual joint variability.  

old adults preserve motor flexibility during rapid reaching
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4.3.5. Joint variability (Coefficient of variation per joint angle)
The ANOVA to determine if old compared to young adults distributed the variability in 
the effector system differently across the involved joints during the reaching tasks, revealed 
significant main effects for physical demand and joint angle but no significant main or 
interaction effects for age group (Table 3). The main effect of physical demand showed that the 
total amount of variability in the effector system increases with the physical demand of the 
reaching task.

Table 3. Coefficient of variation at end point of reaching movement

Within-subject factor Mean SEM F df p-value η2

Physical
0 % .038 .002 56.1 1, 27 <.001 .135

13 % .055 .003

Joint angle (rads)

Shoulder plane elevation .053 .003 54.5 3.6, 97 <.001 .349

Shoulder elevation .036 .002

Shoulder rotation .067 .003

Elbow flexion/extension .038 .002

Elbow pro-/supination .060 .004

Wrist flexion/extension .046 .003

Wrist ab-/adduction .025 .002

4.3.6. End-effector kinematics
Table 4 shows the significant main and interaction effects from the repeated measures ANOVA 
on movement time, peak velocity and duration of the deceleration phase. The analysis revealed 
significant main effects for age, dexterity and physical demand on all kinematic measures and 
a significant interaction effect between age and physical demand for peak velocity values. The 
significant main effects for age showed that in line with previous reaching studies [35,36] old as 
compared to young adults moved slower, generated lower peak velocity values and prolonged the 
deceleration phase. The significant main effects for physical and dexterity demand demonstrate 
that movement time and the duration of the deceleration phase prolongs and peak velocity 
values decline for both old and young adults as the dexterity and physical constraints increase. 
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Table 4. Significant main and interaction effects of repeated measures ANOVA on end-
effector kinematics for main and control experiment

Main experiment Between/ Within-subject 
factor Mean SEM F df p-value η2

Movement time (sec.)

Age
Young   .762 .032 22.3 1,27 <.001 .452

Old   .982 .034

Dexterity
ID 4   .541 .034 68.5 1, 27  <.001 .293

ID 6   .576 .036

Physical
0 %   .515 .029 119.3 1,27 <.001 .436

13 %   .547 .035

Peak Velocity (m/sec.)

Age
Young   .772 .026 7.1 1,27  .013 .207

Old   .672 .027

Dexterity
ID 4   .763 .020 33.1 1, 27  <.001 .139

ID 6   .681 .020

Physical
0 %   .805 .019 191.0 1, 27 <.001 .562

13 %   .640 .020

Physical x Age 11.8 1,27  .002 .035

Duration Deceleration (sec.)

Age
Young   .470 .027 91.4 1, 27 <.001 .541

Old   .686 .027

Dexterity
ID 4   .502 .021 77.9 1,27 <.001 .469

ID 6   .655 .021

Physical
0 %   .535 .019 32.1 1, 27 <.001 .150

13 %   .621 .022

Control Experiment

Movement time (sec.) Experiment 
Group

Exp.   .751 .038
96.4 1, 26 <.001 .788

Control 1.296 .041

Peak Velocity (m/sec) Experiment 
Group

Exp.   .774 .027
59.6 1,26 <.001 .696

Control   .474 .028

Duration Deceleration (sec.) Experiment 
Group

Exp.   .603 .012
19.1 1, 26 <.001 .423

Control   .683 .013

The significant interaction effect between physical demand and age on peak velocity was further 
investigated with post hoc analysis on the 0 % and 13 % physical demand condition averaged 
across dexterity constraints. Post-hoc analysis revealed that after Bonferroni correction old 
compared to young adults had significantly lower peak velocity values during the 0 % physical 
demand condition ( t27 = 3.7; p = .001) but not during the 13 % physical demand condition (t27 
= 1.5; p = .158).
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4.3.7. End-effector accuracy
Analysis of the eff ective target width of the pointer tip position revealed signifi cant main eff ects for 
dexterity demand, physical demand and age and signifi cant interaction eff ects between dexterity 
demand and age and dexterity demand and physical demand (Table 5, Figure 4 and 5). Th e main 
eff ect of age shows that the mean eff ective target width was smaller for the old as compared to 
young adults. Independent of the physical demand of the reaching task both young and old adults 
reached the large target (Young: 6.4±0.4 mm, Old: 4.4±0.4 mm ; ID 4 = 13.9 mm) but sometimes 
missed the small target (Young: 4.8±0.3 mm, Old: 3.9±0.3 mm; ID 6 = 3.9 mm) when reaching 
as fast as possible (Figure 4).  As illustrated in Figure 4 the signifi cant interaction eff ect between 
dexterity demand and age implies that the eff ective target width declined more in the young as 
compared to old adults when reaching to the small as compared to the large targets (Figure 4). 
Figure 5 shows that the eff ective target width increased to a similar extent in the young and old 
adults during the high as compared to low physical demand conditions (Figure 5).

Table 5. Signifi cant main and interaction effects of repeated measures ANOVA on the 
effective target width.

Within-/ Between subjects factor Mean SEM F df p-value η2

Age
Young 5.6 .29

12.3 1, 27  .002 .31
 Old 4.1 .30

Physical
0 % 4.4 .19

17.6 1, 27 <.001 .13
13 % 5.3 .28

Dexterity
ID 4 5.4 .27 21.0 1, 27 <.001 .18

ID 6 4.3 .21

Dexterity x Age 5.0 1, 27  .034 .04

Dexterity x Physical 5.0 1, 27  .034 .03

Figure 4. Effective target width for young and old participants and both dexterity 
demand conditions averaged across physical constraints

Vertical bars denote standard error of the mean.
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Figure 5. Effective target width for young and old participants and both physical 
demand conditions averaged across dexterity demand

Vertical bars denote standard error of the mean.

4.3.8. Associations between end-effector kinematics and motor fl exibility
Th e repeated measures ANOVA on the VRatio of both young groups from the control and main 
experiment did not reveal any signifi cant main or interaction eff ects between experiment groups 
and VRatio. Similarly, the ANCOVA in the young and old participants revealed that none of the 
investigated covariates were signifi cantly associated with the young or old adults’ VRatio. Also the 
correlation analysis showed that there were no signifi cant correlations between the duration of 
the deceleration phase and GEV in the young or old adults from the main experiment (Young: 
r = -.296, p = .303; Old: r = .404, p = .135) and the young adults from the control experiment 
group (r = -.015, p = .960). In summary, we could not identify an association between end-
eff ector kinematics and the young and old adults’ motor fl exibility.

4.4. DISCUSSION
Th e current study had two goals: 1) to determine the eff ects of age on the use of the available 
motor fl exibility while performing goal-directed reaching under physical and dexterity 
constraints and 2) to examine the association between end-eff ector kinematics (i.e., reaching 
speed) and motor fl exibility in each age group.

Our fi ndings demonstrated that age does not aff ect motor fl exibility although healthy young and 
old adults performed the reaching task under high physical and dexterity demands. Both age 
groups were similarly able to compensate for larger NGEV with increasing physical demands 
by increasing the available range of those motor solutions stabilizing the end-eff ector position 
(GEV). Th is proportional increase in GEV allowed participants to maintain performance 
stability (VRatio) despite larger de-stabilizing variability when performing fast but accurate 
reaching tasks under high physical demands. Dexterity demand did not aff ect motor fl exibility. 
We further showed that end-eff ector kinematics did not correlate with motor fl exibility.

old adults preserve motor flexibility during rapid reaching
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4.4.1. Healthy ageing and a seemingly paradoxical preservation of motor 
flexibility
Considering the age-related decline in neuromuscular function, our finding that healthy 
young and old adults employ similar motor flexibility might be somewhat unexpected. Indeed, 
old compared with young adults have deficits in muscle strength [7,8], muscle power [4,7,8] 
and mobility [5], are less able to integrate proprioceptive feedback [10] and to coordinate 
agonist-antagonist muscle pairs [11], critical in reaching movements. Furthermore, old 
adults show decrements in central nervous system functioning such as a reduction in motor 
cortical inhibition [13,14,50], white matter lesions [6,9,12] and decrements in the number and 
size of afferent fibers [15]. Such neuronal and neuromuscular deficits have been associated 
with impaired and slow execution of ADLs [35,36,51], poor balance control [13,52,53] and 
mobility disability in walking [5,51,54]. Despite such age-related deficits, there is inconclusive 
evidence as to how and if at all advancing age affects motor flexibility during multi joint tasks 
[22,24,25,27,30,32–34,55]. Comparing old vs. young adults, Verrel et al (2012) reported poorer 
motor flexibility in a horizontally directed reaching task, whereas Krüger et al (2013) reported 
greater motor flexibility in a forward reaching task, and Xu et al (2013) found similar motor 
flexibility in a reaching assembly task. Our findings extend these data by demonstrating an 
absence of age effect on motor flexibility during rapid, goal-directed reaching even when 
performed under challenging task constraints (Table 2, Figure 3). In sum, these data suggest a 
seemingly paradoxical preservation of motor flexibility in healthy old adults and that healthy 
ageing affects end-effector kinematics independent of motor flexibility during rapid reaching. 

Our finding that motor flexibility is preserved in old adults reaching behavior can be supported 
by studies investigating old adults’ adaptation capacity during reaching [16,17,19,56]. These 
studies examined whether or not old adults can restore reaching accuracy after a visual 
perturbation. For example, there was a lack of age effect on reaching performance in a virtual 
environment when the cursor misrepresented the position of the hand through a rotation in the 
visual field [16]. Analysis of end-effector performance showed that old as compared to young 
adults were less able to restore performance accuracy when the distortion in the visual field 
was introduced abruptly [17,19] but equally able when the distortion was introduced gradually 
[16,56]. The gradual perturbation consisted of a rotation in the visual field of 0.75 degrees 
clock-wise after the initiation of the reaching movement until a total of 30 degrees was reached 
within 41 repetitions [56]. Placing these data in the context of our results, we argue that the old 
adults’ ability to gradually adapt to visuomotor perturbations during reaching is due to their 
preserved ability to flexibly choose an adequate motor solution from a large range of available 
joint configurations to perform the same reaching movement. In sum, the results from our 
experiment combined with previous data [16,56] suggest that healthy aging does not affect 
motor flexibility during goal-directed reaching tasks.
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4.4.2. Motor flexibility and end-effector kinematics
Our findings showed that healthy young and old adults can modulate reaching kinematics 
independent from motor flexibility. While in the main experiment participants reached at 
maximal speed, in the control experiment we matched the two age groups’ reaching speed and 
compared motor flexibility. Young adults in the control vs. the main experiment reached more 
slowly, achieved lower peak velocities and longer deceleration times, mimicking the effects of 
age on end-effector kinematics as reported previously and observed in the main experiment 
[35,36]. We found no difference in motor flexibility between the young groups reaching 
rapidly or at a self-selected pace, which implies that movement speed did not affect our motor 
flexibility data. Predictably, age-related adaptations in end-effector kinematics did not correlate 
with adaptations in motor flexibility. Thus, movement speed did not confound the motor 
flexibility data. Furthermore there was no association between the kinematic behavior and 
motor flexibility in young and old adults implying that the neuromuscular system can adapt 
end-effector kinematics independent of motor flexibility and vice versa. We propose that the 
ability to independently modulate reaching kinematics and motor flexibility is advantageous 
because young and old adults alike can perform goal-directed reaching tasks rapidly without 
compromising motor flexibility. 

4.5 LIMITATIONS

We suspect that our and previous experimental setups might limit young and old adults’ 
capacity to explore the available motor flexibility, leaving possible age differences undetected 
during reaching. The UCM method decomposes trial-to-trial variability in the effector system 
into variability stabilizing and de-stabilizing the performance variable around its mean 
[1,2,57]. This across trial analysis requires participants to repeatedly execute the movement 
from the same start to the same target position. This experimental setup and design (i.e., the 
repetitive movement from one position to another) might confine the exploration of alternative 
joint angle configurations. The restricting nature of the setup might have minimized any age 
effects on exploratory behavior even when participants performed the task as fast as possible 
under challenging dexterity and physical demands. We, once again, note that a lack of age 
effect on flexibility was present vis-à-vis the low acceleration and prolonged deceleration of 
the reaching movement in old adults, a finding reported previously [35,58].  Lastly, most of our 
participants were female and even though the statistical analyses suggested no gender effects, it 
is still possible that gender inequality might have affected the results. 

old adults preserve motor flexibility during rapid reaching
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4.6 CONCLUSION

The data challenge the prevailing view that old age affects movement capabilities in general and 
provide evidence that healthy old adults preserve motor flexibility during a goal directed upper 
extremity reaching task. We propose that a preservation of motor flexibility would allow both 
young and old adults to accurately perform reaching tasks under various physical and dexterity 
constraints. Future studies should examine the underlying mechanisms of motor flexibility. 
Studies applying UCM analysis should investigate how experimental set-ups affect movement 
exploration, leaving possible age differences undetected.
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Flexibility in joint coordination remains 
unaffected by force and balance 
demands in young and old adults 
during simple sit-to-stand tasks

Christian Greve, Tibor Hortobágyi, Raoul M. Bongers  
In review: Eur J Appl Physiol. 

ABSTRACT
We examined the possibility that old adults use flexibility in joint coordination 

as a compensatory mechanism for the age-related decline in muscle strength 

when performing the sit-to-stand (STS) task repeatedly under high force and 

balance demands. Young (n=14, 22.4±2.1) and old (n=12, 70±3.2) healthy adults 

performed repeated STS under high and low force and balance demands. 

The balance demand was manipulated by reducing the base of support and 

the force demand by increasing body weight with a weight vest. Uncontrolled 

manifold analysis was used to quantify age differences in motor flexibility. While 

there were typical age-differences in kinematic STS strategies, flexibility in joint 

coordination was independent of age and task difficulty during repeated 

STS. The finding that low chair height but not age, balance and strength 

manipulations affects flexibility in joint coordination suggests that motor 

flexibility acts as a compensatory mechanism only when operating at the limits 

of available muscle strength and balance abilities. Longitudinal analyses should 

identify how changes in specific neuromuscular functions affect flexibility in 

joint coordination during activities of daily living such as STS.
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5.1. INTRODUCTION

Standing up from a chair or bed is a frequent activity of daily living and requires muscle strength, 
power, and balance [1–4]. In compensation for the age-related decline in neuromuscular 
function, old compared with young adults adjust their movement pattern and execute the sit-to-
stand (STS) tasks more slowly, with a greater trunk flexion, and with lower peak vertical ground 
reaction forces at lift-off [2,3,5–7]. Beyond such biomechanical adjustments, old adults can also 
rely on inter-joint coordination during the STS task and increase co-variation among lower and 
upper extremity joints, the trunk and the neck to seek stability [8]. Here, we explore the idea 
that old adults use flexibility in joint coordination in compensation for muscle weakness when 
the STS task becomes difficult and for instability caused by reductions in the base of support. 

During STS movements, the lower- and upper extremity joints, the trunk and the neck are 
coordinated to bring the whole body center of mass from a low to a high position. Because 
there are more degrees of freedom (> eight independent joint motions) than three dimensional 
constraints to the COM position, the STS task can be performed with different configurations 
of the involved joints [8–12]. Old and young adults make use of this abundance in the movement 
repertoire to adapt the STS movement to external (e.g., chair height) and internal (e.g., muscle 
weakness, instability) constraints [33,34]. This flexibility in joint coordination underlies co-
variation among the available joints guaranteeing center of mass (COM) stability independent 
of changes in individual joint positions. This concept of performance stability through flexibility 
in joint coordination has been previously described and tested in STS and other motor tasks 
[8–11,13,14].   

When raising the COM from a low to a high point, old adults’ lower extremity extensor muscles 
generate force at an unfavorable point on the length-tension curve, which combined with muscle 
weakness, makes the STS task a near maximal effort [5,6,15,16]. In compensation for this high 
muscular effort old adults increase trunk flexion and bring the whole body COM closer to the 
knee at lift-off (Harris 1998). This adaptation in STS strategy minimizes the range of possible 
COM positions, which old adults can use at lift-off. Having a smaller range of possible COM 
positions at lift-off increases the risk of task failure or a fall in case of changes in internal or 
external constraints such as a perturbation. In addition, muscle weakness can also challenge 
COM stability because generating near maximal muscle forces increases variability in force 
output [17–20]. After peak trunk flexion a well-timed and rapid knee extensor muscle burst 
initiates the extension movement of the lower extremities and trunk [4,21,22]. High variability 
in knee extensor force output de-stabilizes the transition from horizontal to vertical COM 
motion at lift-off. We examined the idea that old adults maintain COM stability despite strength 
deficits by increasing co-variation among the involved joint motions when force and balance 
demands are high during STS performance. 
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In line with this idea we found in a previous study that old as compared to young adults increase 
co-variation among the lower- and upper extremity joints, the trunk and the neck to improve 
COM stability at lift-off when repeatedly performing the same STS task [8]. We proposed that 
this age-related increase in motor flexibility reflected a compensatory mechanism for strength 
and balance deficits. However, we did not manipulate force and balance requirements, making 
it impossible to discern if strength or balance deficits interacted with motor flexibility. Thus, the 
purpose of the present study was to determine the effects of age and task difficulty on flexibility 
in joint coordination. We manipulated task difficulty by having participants perform the STS 
task with extra weight and on a reduced base of support under the feet. 

Based on the age-related decline in muscle strength and balance abilities and the retained 
ability in old age to exploit motor flexibility [8], we expected that old adults increase multi-joint 
co-variation to employ a larger range of equivalent coordination patterns when performing 
repeated STS tasks under high a) force, b) balance, and c) force and balance demands. We 
hypothesized that when balance and force demands are high, old but not young adults increase 
the range of those joint configurations stabilizing the COM position between trials. 

5.2. METHOD

5.2.1. Participants and design
Healthy old and young adults free of self-reported neurological or musculoskeletal disorders 
in the upper and lower extremities participated in the study (Table 1). Participants had normal 
vision with or without a correction.

Table 1. Participant characteristics 

Young (n = 14, male = 5) Old (n = 13, male = 5)

Mean SD Mean SD

Age (years)   22.4   2.1   70.0   3.2

Height (m)     1.9     .3     1.7     .1

Weight (kg)   70.2 13.2   74.8 13.3

VAS (0-100)   26.4 10.6   38.5 30.5

Knee Extensor(N/kg)**
Pre    5.3    .3    3.0    .3

Post    5.4    .3    3.2    .3

Knee Flexor (N/kg)**
Pre    3.0    .2    2.0    .2

Post    3.1    .2    2.0    .2

SPPB

Total**    12.0  0.0  11.0  1.0

Balance    4.0  0.0    3.8    .4

STS**    4.0  0.0    3.2    .8

Gait    4.0  0.0    4.0  0.0

** = p < .001 for main effects of Age

flexibility in joint coordination remains unaffected by force and balance demands 
in young and old adults during simple sit-to-stand tasks

5



522461-L-bw-Greve522461-L-bw-Greve522461-L-bw-Greve522461-L-bw-Greve
Processed on: 20-8-2018Processed on: 20-8-2018Processed on: 20-8-2018Processed on: 20-8-2018 PDF page: 100PDF page: 100PDF page: 100PDF page: 100

100

The difficulty of the STS task was manipulated by increasing the balance and force demands, 
resulting in four experimental conditions: 1. low force and low balance demands, 2. high force 
and low balance demands, 3. low force and high balance demands, and 4. high force and high 
balance demands. Before the start of each new STS condition, participants performed three to 
five familiarization trials. After familiarization participants performed 25 STS trials for each 
experimental condition resulting in a total of 100 chair-rises per participant. The order of the 
conditions was randomized between participants.

5.2.2. Experimental set-up
Participants stood up from an armless chair set at 110% of lower leg length using the fibula 
head as reference (Figure 1). Before the start of the experiment, participants were instructed 
to sit upright and place their hands on the thighs and the feet on the force plate in front of 
the chair. Participants were free to choose their feet placement for each condition but had to 
maintain the same feet position between consecutive repetitions of each STS condition. The 
initial foot position was marked by tape on the force plate just next to the fifth metatarsal and 
behind the calcaneus to assure the same feet position between consecutive trials. Furthermore a 
wooden stick was placed at the height of each participants’ occipital bone and used as a reference 
point to assure the same upright position between consecutive trials. Balance demands were 
manipulated by varying the width of the participants’ support surface with a wooden bar. 
The width of the support surface was scaled to each participant’s shoe size (0.27*European 
shoe size). To manipulate the strength demand participants wore a weight vest where 1kg 
heavy blocks could be added to increase the total weight. The added weight was scaled to the 
averaged maximum voluntary contraction (MVC) values of the right knee extensor muscles 
and distributed symmetrically on the back and front of the weight vest. During the low strength 
demand condition (0%) participants did not wear the weight vest and during the high strength 
demand condition (30%) participants wore the weight vest. The added weight was distributed 
evenly on the ventral and dorsal side of the trunk. The scaling factor of 0.27 for the support 
surface width and the added weight of 30% MVC for the force demand were based on a pilot 
experiment in four healthy young participants.
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Figure 1. Experimental Set-up

Reference point head

1kg block

Weight vest

Wooden bar

Synchronized measurements were done using a Kistler force plate (Bertec, Columbus, OH, USA), 
an Optotrak motion capture system (Northern Digital Inc., Waterloo, Ontario, Canada), and an 
electromyographic (EMG) system (Trigno, Delsys Inc, Natick, MA, USA). The force plate recorded 
3D ground forces at 1 kHz. The Optotrak motion capture system consisted of two units recording 
positions of 8 markers at 100 Hz. The markers were attached to the right side of the participants 
body on the base of the 5th metatarsal, lateral malleolus, lateral femoral epicondyle, greater femoral 
trochanter, inferior to lateral aspect of acromion process, lateral humeral epicondyle just superior 
to radiohumeral junction, styloid process of radius and immediately anterior to external auditory 
meatus. We recorded EMG signals of the rectus femoris, vastus medialis, semimembranosus, 
gastrocnemius, soleus and tibialis anterior muscles using 37x27x15mm, <15g, wireless, pre-
amplified (909x) parallel-bar sensors, affixed to the skin with a four-slot adhesive skin interface 
(Trigno, Delsys Inc, Natick, MA, USA). The EMG signals were sampled at 4 kHz. Before electrode 
placement the subject’s skin was shaved, scrubbed with fine sandpaper and cleaned with alcohol 
to minimize noise in the EMG signal. The electrodes recorded with a bandwidth of 20-450 Hz, 
channel noise < 0.75 µV, and common mode rejection ratio > 80 dB. Signals were acquired on-line 
and stored by software installed on a personal computer for off-line analysis (Signal, Cambridge 
Electronics Design, Cambridge, UK). 

5.2.3. Experimental procedures
Before the main experiment each participant performed the short physical performance battery 
to assess balance and mobility [23]. Next, three trials of 4-s-long MVCs for the knee flexor and 
extensor muscles were performed against a load cell of a hand-held dynamometer (ErgoFet, 
Hoggan Health Industries, West Jordan, USA). During the MVC measurements participants sat 
upright on a table with the knees at 90°. The load cell was hand-held by a trained technician 
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and placed at the front of the distal tibia to resist the extension movement and at the back of the 
distal tibia to resist the knee flexion movement. Participants rested for 30-60 seconds between 
consecutive MVCs. The MVC measurements were repeated after the experiment to establish 
whether participants fatigued during the experiment. The weight added during the force demand 
condition was defined as 30% of the knee extensor MVC value averaged across the three trials. 

During the experiment participants were instructed to rise from a chair 25 times within a condition 
at a self-selected pace. Participants were free to reposition their arms but were not allowed to push 
with their hands on the thighs. Before each repetition the start position was checked and corrected 
as needed. Participants started the STS series in response to an auditory cue. The investigator 
emphasized that the STS task was not a reaction time task and that participants could initiate 
the STS movement after the first auditory cue. After initiation of the STS movement participants 
remained in a standing position for 2 s until a second auditory cue occurred, which prompted 
participants to sit down and continue the STS task. Participants were allowed to pause, rest, and 
drink water between consecutive conditions. Before the start of the experiment, the investigator 
asked the participants if they understood the task correctly. There was two minutes of rest between 
conditions. The entire experiment lasted 60 to 90 minutes per participant, including preparation.

5.2.4. Data analysis
STS trials during which one or more markers were invisible 10 ms before or after lift-off were 
excluded from analysis. Lift-off was determined as the instant when trunk flexion changed 
to extension [24]. On average 21±3.1 trials per participant were used in the final analyses. 
Coordinate data of each marker and force plate data were filtered using a bi-directional 4th 
order low-pass Butterworth filter with a cut-off frequency of 6 Hz. Marker coordinates were 
processed to calculate segment angles with the horizontal in the sagittal plane of the foot, ankle, 
knee, trunk, head, shoulder, elbow and wrist. Sagittal plane knee joint moments were computed 
using linear and angular Newtonian equations [25,26]. Peak knee joint moments were used to 
estimate the required knee extensor muscle force at lift-off and allow comparability of force 
demands between studies. EMG data was rectified, high-pass filtered at 2Hz and then low-pass 
filtered at 10Hz using a bi-directional 4th order Butterworth filter.

As an additional clinical measure we computed the amount of co-activation of the agonist 
antagonist muscles of the upper and lower leg muscles according to Winter et al (2009):

Where A is the agonist muscle and B the antagonist muscle. The percentage of co-contraction was 
calculated over a time window of 10 ms. This time window started 5 ms seconds before peak trunk 
flexion and ended 5 ms after peak trunk flexion. The common area (A & B) reflects the common 
area under the EMG curve where both muscles are active simultaneously. Area A and area B 
reflects the area under the EMG curve of the antagonist and the agonist muscle individually.

1. %𝐶𝐶𝐶𝐶 − 𝑐𝑐𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝑐𝑐 = 2 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝐴𝐴 & 𝐵𝐵)
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝐴𝐴 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝐵𝐵 ∗ 100 
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The sagittal plane CoM position in anterior-posterior and vertical direction was calculated based 
on participants’ body-segment lengths and the estimated locations and proportions of segmental 
masses [25]. A detailed description of the formula is given in Scholz et al (1999) and Greve et al 
(2013) [8,9,25]. Seven segmental angles with the horizontal (foot, shank, thigh, trunk, upper arm 
(ua) and lower arm (la)) were used to compute the CoM position in the sagittal plane. Grand 
means of segmental length based on all trials to be representative of a constant segmental length 
were used. CoM velocity was computed based on the time derivative. CoM variability was defined 
as the across trial standard deviation of the 2D vector length of the CoM position at lift-off.

Customized MATLAB scripts were used for the analysis (MATLAB R2012). Duration of each 
sit-to-stand trial was determined by the initiation of forward trunk movement and end of trunk 
motion, defined by a threshold of angular change of .009 radians within .05 s [24]. Accuracy of 
the algorithm in event detection was visually controlled for each sit-to-stand trial. 

5.2.5. Age differences in motor flexibility 
To establish age-differences in motor flexibility, we performed uncontrolled manifold (UCM) 
analysis based on the co-variance matrix C. UCM analysis allowed us to decompose trial-to-
trial variability in elemental variables into multi-joint co-variation stabilizing the COM at its’ 
desired position between trials (GEV) and multi-joint co-variation leading to small changes 
of the COM position between trials (NGEV). A detailed description of UCM analysis can be 
found elsewhere [8,9,29,31,32]. Segment angles of the foot, ankle, knee, trunk, shoulder, elbow, 
wrist and head were used as elemental variables and the sagittal plane COM position at lift-off 
as performance variable. We chose the whole body COM position and not the vertical ground 
reaction force (GRF) vector [8] as performance variable because during the manipulation of the 
support surface during the balance demand conditions, the GRF vector could not be reliably 
measured. The same geometric model as previously published was used to compute the Jacobian 
(J) [8,9]. 

5.2.6. Statistical analysis
We established how young and old adults make use of the available motor flexibility during 
repeated STS performance with a repeated measures ANOVA on UCM measures with variability 
component (GEV and NGEV), balance demand (normal and small base of support) and force 
demand (0% and 13% MVC) as within subjects factor and age (young and old) as between 
subjects factor. UCM measures were log transformed before statistical analysis.

Age differences in overall perceived difficulty of the STS experiment, muscle strength and 
fatigue were established with repeated measures ANOVAs on VAS scores (visual analogue scale 
from 0 = not difficult at all to 10 = very difficult) and strength profiles with age as between 
subjects factor and measurement (pre – and post- experiment) as within subject factor for the 
fatigue analysis.
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How young and old adults adapted their kinematic behavior and muscular co-activation profiles 
when force and balance demands increased was analyzed with five repeated measures ANOVA 
on duration, peak trunk flexion, peak COM velocity, across trial standard deviation of the 
COM, peak vertical GRFs normalized by body weight and the percentage of agonist antagonist 
muscle co-activation. The across trial standard deviation of the COM position was based on the 
two dimensional vector length of the anterior-posterior and vertical CoM position. Age was 
selected as between subjects factor and force and balance demand as the within subjects factor. 
Analysis of the peak vertical GRF data was only performed during the normal support surface 
conditions. All statistical analyses were performed with SPSS 24.0.

5.3. RESULTS 

5.3.1. Participant characteristics
14 young (22.4±2.1 years) and 12 old (70±3.2 years) participants were included in the final 
analysis. Table 1 shows participant characteristics. The old as compared with young adults were 
weaker (knee extension: p < .001, F1,25 = 36.7; knee flexion: p = .001, F1,25 = 14.9; Table 1) but 
represented good balance and overall physical performance capacities. Old and young adults 
similarly perceived the difficulty of the experiment as low to moderate.

5.3.2. UCM analysis
The amount of stabilizing (GEV) as compared to de-stabilizing (NGEV) joint coordination 
patterns was significantly larger (GEV: - 5.3 ± .12; NGEV: -6.7 ± .12;  p < .001, F1,24 = 194.6) 
but not different between age groups (variability * age: p = .798, F1,24 = .07). The total amount 
of variability increased when standing up from smaller support surface as reflected by a main 
effect for balance demand independent of age (low balance demand: -6.3 ± .1; high balance 
demand: -5.8 ± .14; p = .001, F1,24 = 16.1). Note that the higher total amount of variability was 
evenly distributed into GEV and NGEV (variability * balance demand: p = .466, F1,24 = .55). 
Based on our previously published paper we expected that GEV would increase more than 
NGEV in the old but not young adults when force demands were higher [8]. However, the old 
and young adults employed similar GEV and NGEV during the low and high physical demand 
conditions (physical demand * variability: p = .67, F1,24 = .19). 

5.3.3. Age differences in STS strategies
Similar to previous studies the old as compared to young adults performed the STS movements 
slower (young: 1.7 ± .05 sec.; old: 2.0 ± .05 sec.;  p < .001, F1,24 = 18.1) and employed larger 
trunk flexion at lift-off (young: 56.8 ± 2.3 degrees; old: 52.6 ± 2.5 degrees), however this age 
difference was not significant (p = .22, F1,24 = 1.6; Table 2 and 3). When weight was added by the 
weight vest the old and young adults adapted to the higher force requirements by slowing down 
STS performance (p < .01, F1,24 = 9.5; Table 2). Peak trunk flexion angles did not increase when 
standing up under higher force requirements (p = .29, F1,24 = 1.2; Table 3). When standing up 
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from smaller support surface sizes both groups slowed down (p < .001; F1,24 = 26.3; Table 2) and 
flexed the trunk more at lift-off (p < .001; F1,24 = 18.1; Table 3). Trial-to-trial variability of the 2D 
COM position at lift-off was similar between age groups (old = .11 ± .01 m, young: .11 ± .01 m; 
p = .93; F1,24 = .01) and increased with increases in balance but not force demands (balance low: 
.09 ± .01 m; balance high: .13 ± .01 m; p < .01; F1,24 = 8.7).  

Table 2. Sit-to-stand duration (sec.)

Young Old 

Mean STD Mean STD

Age** 1.69 .05 1.98 .05

Balance**
low 1.64 .05 1.93 .05

high 1.75 .05 2.04 .06

Force*
low 1.66 .05 1.97 .05

high 1.73 .05 2.01 .05

*  = p < .01 or ** = p < .001 for main effects of Age, Balance, and Force

Table 3. Peak trunk flexion angles at lift-off (angle with horizontal)

Young Old

Mean STD Mean STD

Balance** 
Low 58.5 2.1 55.0 2.2

High 54.1 2.7 50.3 2.9

Force 
Low 58.5 2.1 55.0 2.2

High 59.7 2.2 55.4 2.4

** = p < .001 for main effects of Balance

Analysis of kinetic STS behavior did not reveal any age differences. Table 4 shows that peak GRF 
and knee joint moments normalized by body weight did not differ between age group. Due to 
technical problems in the center of pressure detection, peak GRF and knee joint moments were 
obtained in 10 instead of 12 old participants. 
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Table 4. Kinetic motor behavior

Young Old

Force Mean STD Mean STD

GRF vertical (N/kg)a
0% 11.5 .19 11.8 .25

13% 13.1 .21 13.2 .27

Knee moment (Nm/kg)a
0% .33 .02 .38 .02

13% .32 .02 .38 .02

a = normalized by body weight (kg), p = .03.

5.3.4. Agonist-antagonist muscle co-activation
Old and young participants performed the STS task with similar agonist-antagonist muscle co-
activation of the upper and lower leg (young: 60.5 ± 2.9% , old: 64.9 ± 3.1%; F24,1 = 1.06 p = .31). 
Muscular co-activation did not interact with the balance and force requirements of the STS task. 

5.4. DISCUSSION

We aimed to establish whether healthy old adults make use of flexibility in joint coordination 
to compensate for the age-related decline in knee extensor muscle strength and guarantee safe 
STS performance when force and balance demands are high. Contrary to the hypothesis, old and 
young adults employed similar amounts of stabilizing (GEV) and de-stabilizing (NGEV) joint 
coordination patterns when repeatedly standing up from a chair under varying force and balance 
demands. Interestingly, old adults stood up from a chair slower than young adults and although 
we observed main effects of the force and balance demands, there were no differences in STS 
strategies between the two age groups. Because maximal voluntary force did not decrease after 
repeated STS, we concluded that fatigue did not represent an additional physical demand.

When humans perform voluntary movements such as STS, reaching, or standing balance, the 
abundant joint motions provide the neuromuscular system with a large range of movement 
possibilities [9–12]. During performance coordination patterns emerge based on external and 
internal constraints allowing old and young adults to adapt to changes in task requirements or 
even small perturbations [33–35]. This flexibility in joint coordination underlies multi-joint co-
variation and therefore guarantees COM stability at lift-off independent of changes in the actual 
joint configurations. 

When healthy old adults rise from a low chair, they use 80 – 100% of the available knee extensor 
torque compared to 40–60% in healthy young adults [3,21]. Operating at the limits of intrinsic force 
capacities requires more accurate COM control closer to the knee joint in the old as compared to 
young adults at lift-off [3,5,25]. In a previous STS experiment we showed that old adults who have 
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low knee extensor muscle strength, increased co-variation among the available joint motions. A 
stronger coupling among the available degrees of freedom allows the neuromuscular system to use 
a larger range of the available movement possibilities while guaranteeing STS stability (GEV) [8]. 
The current experiment elaborated on this finding and examined the idea whether the observed 
increase in motor flexibility compensated for task difficulty in the STS task, created by deficits in 
intrinsic strength constraints (added weight) or balance abilities (reductions in base of support).

 
Our old as compared to young participants had similar balance and overall physical performance 
capacities but old adults’ quadriceps muscle was 38% weaker (p < .01; Table 1). Due to this deficit 
in knee extensor muscle strength our old adults performed slower (Table 2), adaptation in 
STS strategy similar to previous studies [2,3,5,6,36]. To establish whether old adults increased 
multi-joint co-variation in compensation for strength or balance deficits, we manipulated force 
and balance demands of the STS task by increasing body weight and reducing base of support. 
The rationale was that higher force and balance constraints would interact with reductions in 
voluntary muscle strength requiring old adults to stabilize the whole body COM position within 
a smaller range at lift-off. Based on the principle of motor abundance we expected that old adults 
would increase co-variation among the available joint motions to guarantee accurate and safe 
positioning of the whole body COM position at lift-off. This stronger coupling would allow old 
adults to perform STS movements safely and adapt to changes in task requirements despite deficits 
in muscle strength or balance. Hence, increasing flexibility in the abundant joint motions was 
suggested to be a mechanism allowing healthy old adults to successfully perform STS movements 
in daily life environments [10–12,37,38]. 

However, task difficulty did not affect flexibility in joint coordination in either age group while 
execution speed of STS decreased with increases in force and balance demands and trunk flexion 
increased at lift-off with increases in balance demands (Table 2 and 3). Slowing down movement 
speed and bringing the COM closer to the knee at lift-off are effective strategies to improve COM 
stability [2,3,21]. Hence, these adaptations in movement kinematics might have been sufficient 
to guarantee safe sit-to-stand performance in young and old adults under the tested force and 
balance manipulations. Considering the current data and our previous results on age-differences 
in motor flexibility during sit-to-stand movements, the possibility exists that flexibility in joint 
coordination might only be employed when old adults operate at the limits of the available muscle 
strength or balance abilities [8].

The difference between the present and past study was that in this study participants stood up from 
higher chair heights (110 vs. 100% of lower leg length) and used lower peak knee extension moments 
at lift-off (110%: Young: .32±.02; Old: .38±.02 vs. 100%: Young: 2.24±.29; Old: 2.02±.25 N/kg). 
Especially low chair heights impose high force constraints because the origin and insertion of the 
rectus femoris muscle are closer to each other leading to an unfavorable force-length relationship 
[39,40]. In addition to the lower force requirements, our old and young adults had good balance 
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and overall physical performance capacities (Table 1). Physical performance capacities and balance 
abilities were not measured in the previous experiment. Therefore, the possibility exists that task 
difficulty was not high enough to cause an interaction between age and intrinsic force and balance 
abilities. Only when old and young adults operate more at the limits of their intrinsic strength and 
maybe balance capacities flexibility in joint coordination might be used to stabilize STS performance.

In sum, age and task difficulty of the STS task did not affect motor flexibility. It is well-established 
that in addition to deficits in muscle strength and power [41,42] healthy ageing affects various 
aspects of the neuromuscular system. For example, old as compared to young adults have an 
impaired ability to integrate proprioceptive feedback [43] and to coordinate agonist-antagonist 
muscle pairs [44]. Furthermore the central nervous system suffers from a decline in number and 
size of afferent fibers [45], less cortical and spinal neurons [46–48], a reduction in motor cortical 
inhibition [49–51] and cognitive dysfunctions involved in postural control [52–54]. Based on these 
well-established findings on age-differences in neuromuscular functions previous studies assumed 
that flexibility in joint coordination might also decline with aging. However, our current findings 
and previous studies on age-differences in motor flexibility during STS and other tasks provide 
evidence that there is not a general decline in motor flexibility with aging [8,55,64,65,56–63].

Overall studies on age-differences in motor flexibility are inconclusive [8,55,64,65,56–63]. For 
example, larger motor flexibility was documented in old as compared to young adults during STS 
tasks from low chair heights [8], less motor flexibility in old adults during a balance perturbation 
and narrow base standing task [56,57] and similar motor flexibility during quiet standing, gait and 
a dual cognitive and motor task on a treadmill [57,64–66]. Furthermore during simple reaching 
tasks Verrel et al. (2012) reported poorer whereas Krüger et al (2013) and Greve et al (2015) reported 
greater and Xu et al. (2013) similar motor flexibility in old as compared to young adults [55,59,63,67]. 
Such inconsistencies might imply that complex interactions between age-related deficits in intrinsic 
constraints with the task and environmental constraints of the experiments lead to significant 
differences in young and old adults’ joint coordination strategies. To further our understanding 
of how the processes of healthy ageing affect motor flexibility, future studies should perform 
longitudinal analyses in well-controlled experiments. We should aim to establish how changes in 
specific neuromuscular functions (e.g., muscle strength) interact with given environmental and task 
constraints of motor tasks frequently performed in daily life. Finally this knowledge can be used to 
effectively design prevention and rehabilitation programs in old adults with and without pathology. 

We also note the possibility that standardizing the start position of the joints prior to movement 
initiation might have confined motor flexibility. During our experiment the participants were 
instructed to repeatedly perform the STS movement from the same start position without 
repositioning their feet between trials. During unconstrained STS movements old participants 
with strength deficits might have chosen to adapt their feet position before movement initiation 
to adapt to higher force and balance demands. Therefore, fixing the start position might have 
constrained the use of the available flexibility in joint coordination.
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5.5. LIMITATIONS

One limitation is that the analysis focused on the sagittal plane of the STS task and we cannot 
tell how healthy ageing affects flexibility in joint coordination in the frontal plane during 
repeated STS performance. Furthermore our experimental constraints might have affected the 
extent to what participants could explore the available motor flexibility possibly leaving effects 
of task demand on flexibility in joint coordination undetected.  

5.6. CONCLUSION

Flexibility in joint coordination remains unaffected by age and increases in force and balance 
demands during repeated STS performance. Only when old and possibly young adults operate at 
the limits of their available muscle strength and balance flexibility in joint coordination might 
act as a compensatory mechanism to stabilize STS performance. Current data and previous 
results imply that old age does not lead to a universal decline in motor flexibility. 
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6.1. MAIN FINDINGS

When humans perform voluntary movements such as reaching for a target or sit-to-stand, the 
abundant joint motions provide the neuromuscular system with a large range of movement 
possibilities [1–4]. Young and old adults make use of this rich movement repertoire to perform 
daily life reaching and sit-to-stand movements under different intrinsic and task constraints. 
The current thesis provides evidence that this key feature of human motor behavior, motor 
flexibility, is retained with aging during even challenging reaching and sit-to-stand tasks. The 
results of the thesis challenge the generally accepted view that healthy aging leads to a universal 
loss of motor performance and joint coordination in particular. Based on the principle of motor 
abundance [2,5] and the constraints to movement hypothesis [6,7] the general discussion 
focuses on the possibility that flexibility in joint coordination might actually increase with 
aging in compensation for deficits in task relevant neuromuscular functions.

6.2.  THE UCM METHOD AS A FRAMEWORK TO STUDY 
AGE-DIFFERENCES IN MOTOR FLEXIBILITY

To establish age-differences in motor flexibility the uncontrolled manifold approach was used. 
The UCM method follows the principle of motor abundance and assumes that the available 
degrees of freedom (e.g., joints) co-vary to stabilize the task variable of primary importance (e.g. 
end-effector position during reaching or COM position during sit-to-stand) [4,5]. The extent 
to which co-variation among the available joint motions stabilizes task performance can be 
quantified by decomposing trial-to-trial variability in joint motions into coordination patterns 
stabilizing (GEV) and de-stabilizing (NGEV) the task variable of primary importance [4,5]. 
GEV and NGEV emerge during performance based on how the actual constraints imposed by 
the neuromuscular system interact with the requirements of the motor task [5–13]. High values 
of GEV imply that the neuromuscular system uses a larger range of different but equivalent 
coordination patterns to guarantee task stability. Allowing a larger range of motor solutions 
to emerge during performance improves the neuromuscular systems’ capacity to adapt to 
unexpected changes in movement constraints or external and internal perturbations [5,14–16]. 
This form of performance stability through motor flexibility is essential for everyday motor 
performance since the actual constraints to movement are poorly predictable and frequently 
change in daily life. In addition internal sources of noise during perception and movement 
preparation [17], task execution [18] and feedback processing [19] require flexible adjustments 
in joint coordination to guarantee task success.   

Age-related deficits in intrinsic constraints change the way old as compared to young adults 
move their joints during reaching and sit-to-stand movements. For example, old as compared 
to young adults perform reaching movements slower and employ larger trunk flexion when 
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rising from a chair [20,21]. These adaptations in joint coordination strategies allow old adults 
to lower the accuracy and strength requirements of reaching and sit-to-stand movements [22–
24]. This thesis aimed to establish whether old as compared to young adults differently use the 
range of movement possibilities to perform challenging reaching and sit-to-stand movements. 
Following the framework of motor abundance and the constraints to movement concept it was 
hypothesized that the age-related decline in intrinsic constraints interacts with the requirements 
of challenging reaching and sit-to-stand tasks leading to an increase in motor flexibility. This 
age related increase in motor flexibility with aging would allow old adults to guarantee stability 
of daily life reaching and sit-to-stand movements despite neuromuscular deficits.

6.3.  AGE AND TASK CONSTRAINTS DO NOT AFFECT  
FLEXIBILITY IN JOINT COORDINATION 

6.3.1. Effects of task constraints on motor flexibility during sit-to-stand
In line with the hypothesis healthy old adults with strength deficits employed larger GEV when 
repeatedly standing up from low (100% lower leg length) chair heights (Chapter 2, Figure 3). 
We argued that this increase in motor flexibility was a compensation for age-related muscle 
weakness. When old adults with strength deficits stand up from a low chair they use 80 – 100% 
of the available knee extensor muscle strength compared to 40–60% in healthy young adults 
[23,25]. Operating at the limits of the available force capacities requires old adults to coordinate 
the COM more accurately and closer to the knee at lift-off not to exceed the available muscle 
strength. Using a larger range of equivalent motor solutions for the same COM position at 
lift-off would allow old adults to safely rise from low chair heights despite deficits in muscle 
strength. 

Based on the idea that flexibility in joint coordination underlies COM stability it was expected 
that healthy old and young adults would employ larger GEV during repeated sit-to-stand 
performance under high force and balance constraints (Chapter 5). The force constraint was 
manipulated during the second sit-to-stand experiment by adding weight with a weight vest to 
the trunk (30% MVC of the right knee extensor strength). The balance constraint was increased 
by decreasing the size of the support surface (0.27 * European shoe size). The rationale was 
that increasing force constraints and decreasing the support surface size would require a more 
accurate coordination of the COM position at lift-off. In compensation for this higher stability 
requirement old and young adults might employ larger GEV to guarantee sit-to-stand stability. 
Contrary to this expectation, UCM analysis revealed that GEV and NGEV were similar 
between age groups and remained unchanged by increases in the force or balance constraints 
(Chapter 5.3.2). These results showed that old and young adults did not employ a larger range 
of the available motor solutions to guarantee sit-to-stand stability under challenging force and 
balance constraints. 

general discussion
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Instead of using a larger range of the same movement patterns old and young adults adapted to 
the higher force and balance constraints by moving slower and increasing trunk flexion at lift-
off (Chapter 5, Table 2 – 3). Slowing down movement and bringing the COM closer to the knee 
at lift-off are effective strategies to minimize force requirements and improve COM stability 
[21,23,24]. Hence, these adaptations in movement kinematics might have been sufficient to 
guarantee safe sit-to-stand performance under high force and balance constraints. Motor 
flexibility might be used in compensation for neuromuscular deficits only when old adults 
operate at the limits of the available muscle strength or balance abilities.

In chapter 2 as compared to 5 the old and young adults stood up from lower chair heights (100 
vs 110% of lower leg length) and employed significantly higher peak knee extension moments at 
lift-off (Chapter 5, Table 4; Chapter 2, Table 2 ). Especially low chair heights impose high force 
constraints because the knee extensor muscles are at an unfavorable force-length relationship. In 
addition, during the second sit-to-stand experiment, the old and young adults had good balance 
and overall physical performance capacities (Chapter 5, Table 1). Therefore the possibility exists, 
that old adults during the first but not the second sit-to-stand experiment operated at the limits 
of their intrinsic strength and maybe balance capacities requiring compensatory increase in 
motor flexibility. 

6.3.2. Effects of task constraints on motor flexibility during reaching
Healthy young and old adults adapt movement kinematics but not motor flexibility to guarantee 
accurate end-effector positions when reaching to small targets under high accuracy constraints 
(Chapter 3 and 4). During the reaching experiments, the accuracy constraint was manipulated 
by decreasing the target size. The idea was that old and young adults would employ a larger 
range of equivalent coordination patterns to guarantee accurate end-effector positions when 
reaching to smaller targets. However, GEV did not increase with an increase in accuracy 
constraints. Instead of employing a larger range of equivalent coordination patterns old 
and young adults moved slower and used lower peak end-effector velocities to adapt to the 
higher accuracy constraints (Chapter 4, Table 2 and 4). These findings on motor flexibility and 
reaching kinematics were reproduced in an experiment where healthy young adults moved at 
their comfortable instead of maximal speed (Chapter 4, Table 4; Chapter 4.3.8).

The observed adaptations in movement kinematics were more pronounced in old as compared to 
young adults and similar to observations reported in previous studies [20,22,26]. It is assumed 
that using more time to bring the end effector to the target provides the neuromuscular system 
with more time to process visual information. This sensory information can be used to improve 
accuracy of the end-effector when reaching to smaller targets [22]. Therefore, adaptations in 
movement kinematics might have been sufficient to guarantee reaching success under higher 
accuracy constraints not requiring the use of alternative motor solutions through increases in 
motor flexibility. 
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When force constraints increased during the reaching task both variability components, 
GEV and NGEV proportionally increased with the force requirements (Chapter 4, Figure 3; 
Chapter 3, Figure 4). The proportional increase in GEV and NGEV with higher force constraints 
was initially interpreted in the context of previous studies showing that higher muscle forces 
are associated with more noise in the neuromuscular system (Chapter 3.4.1) [27–29]. Assuming 
that the larger GEV and NGEV resulted from larger noise, one would expect a similar change 
in motor flexibility when force requirements increased during the sit-to-stand experiment. 
However, GEV and NGEV remained unaffected by increases in force requirements during 
the second sit-to-stand experiment not confirming our initial hypothesis. As an alternative 
explanation I propose that increasing the resistance to the reaching movement through a pulley 
system introduced an additional coordinative task constraint. Pulling on the end-effector in 
the opposite direction of the movement trajectory might have required larger compensatory 
adjustments among the available joints leading to an increase in overall variability (GEV and 
NGEV). Stability of task performance was maintained because GEV and NGEV increased 
proportionally with the force constraint.

Overall, the data suggest that healthy aging does not seem to affect flexibility in joint coordination 
during challenging reaching and sit-to-stand tasks. It remains inconclusive whether and if so 
how variations in force, accuracy and balance constraints during reaching and sit-to stand 
movements lead to adaptations in motor flexibility in young and old adults. The possibility exists 
that flexibility in joint coordination might serve in compensation for neuromuscular deficits 
only when old adults operate at the limits of intrinsic force, balance and coordinative capacities. 
As long as the neuromuscular system performs within a safe range of intrinsic capacities 
adaptations in movement kinematics might be sufficient to guarantee safe and accurate sit-to-
stand and reaching performance. To further the understanding of how age-related deficits in 
neuromuscular functions interact with flexibility in joint coordination, future studies should 
aim to maximize task constraints in such a way that old and young adults can operate at the 
limits of their intrinsic capacities. In the following chapter I will discuss additional conceptual, 
experimental and methodological limitations possibly affecting the analysis and interpretation 
of UCM measures in the study of age-differences in motor flexibility.

6.4.  LIMITATIONS AND RECOMMENDATIONS FOR FUTURE 
STUDIES

6.4.1. Classification of GEV and NGEV in motor flexibility research
Traditional UCM analysis assumes that NGEV reflects bad or unwanted variability and GEV 
good or wanted variability [4,5,14,30]. The constraints to movement hypothesis and our data 
and previous studies question the existence of such a strict categorization of the variability 
components [6,31]. The main issue with UCM analysis is that the decomposition of trial-

general discussion
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to-trial variability into GEV and NGEV is based on the value of a pre-defined, single task 
variable of primary importance (e.g. end-effector position during reaching) [4,5]. The extent 
to what joint coordination patterns lie within the solution space of that task variable defines 
the amount of GEV and NGEV. However, during any motor task there are multiple intrinsic 
and task constraints which interact with each other and the emerging coordination patterns 
need to satisfy all constraints to movement. For example, during fast, goal-directed reaching 
movements in addition to end-effector accuracy, energetic costs impose an intrinsic constraint 
to the movement [32,33]. To satisfy both accuracy and energetic constraints the emerging 
coordination patterns do not entirely lie within the solution space of the end-effector position 
but also some NGEV will emerge [6,7,34]. However, this NGEV is not bad but reflects the 
requirement to minimize energetic costs. Hence, NGEV does not simply reflect a measure of 
performance instability but shows how other than the task constraint of primary importance 
interact with the characteristics of the neuromuscular system. In the following paragraph I will 
review two examples to elaborate on this idea. 

As a first example, Park et al (2012) reported during a multi-finger force coordination task that 
co-variation among individual finger forces increased when the agonist muscles were fatigued 
[35]. This increase in multi finger co-variation was reflected by a larger increases in GEV as 
compared to NGEV. The authors concluded that increasing co-variation among individual 
finger forces guaranteed accurate force control despite deficits in agonist muscle strength [35–
37]. However, when the fatigued muscles were less relevant for accurate force control (operated 
as antagonist and not agonist muscles) NGEV increased while GEV declined without a change 
in total performance error [35]. This finding was unexpected and the authors did not provide 
an interpretation of the larger NGEV and drop in GEV when the antagonist muscles were 
fatigued. It is likely that the larger NGEV reflected those coordination patterns which required 
less antagonist muscle force. These coordination patterns emerged to better satisfy the deficit 
in intrinsic strength constraints. Because the agonist muscles were not fatigued accurate force 
control could be maintained despite higher NGEV. 

Similarly, motor learning studies showed that depending on the details of the new motor 
task and the stage of the learning process, GEV or NGEV might be employed to facilitate the 
learning process [31,38–51]. For example if the task variable of primary importance of a new 
motor task is unknown the learner benefits from larger amounts of NGEV [43,49,51,52]. It is 
assumed that employing those coordination patterns which lead to variable task performance 
allows the learner to discover the task relevant information and the range of successful motor 
solutions [43,49,52]. Once the solution space is known NGEV would gradually decrease and 
GEV would increase or remain the same to guarantee performance stability [42,43,49–51,53]. 
On the other hand when the goal of the task is known and the new motor task requires 
adaptation to an external perturbation (e.g. force field) larger GEV guides the learning process. 
Employing a larger range of equivalent motor solutions would allow the neuromuscular system 
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to adapt to the external perturbations and stabilize task important variables at the desired 
value [38,46,49]. Interestingly this relation between flexibility in joint coordination and motor 
learning seems to account only for naturally emerging motor variability. A recent study showed 
that experimentally induced variability in either the goal-equivalent or non- goal equivalent 
subspace does not improve but might impair motor learning abilities [39]. 

Summarizing, a simple categorization of GEV and NGEV into good and bad variability is 
inadequate considering the complex interactions between intrinsic and task constraints in 
even standardized experimental environments. Future studies should therefore analyze and 
interpret changes in both variability components independently and always in the context 
of how changes in intrinsic and task constraints interact with performance stability. Future 
studies should also consider performing UCM analysis on multiple task variables of primary 
importance to establish potential change in the most important task variables. Furthermore, to 
detect expected or unexpected learning effects during repeated task performance future studies 
should aim to analyze changes in UCM measures across repetitions. Until now UCM analysis is 
only performed within block of trials.

6.4.2. Effect of cognition on motor flexibility
Healthy aging is associated with deficits in cognition and cognitive deficits can interfere with 
motor performance [54–63]. For example, old as compared to young adults show decrements 
in lower limb coordination when performing a cognitive task while walking [60–63]. Studies 
using UCM measures require a high number of repetitions and detailed standardization of the 
start and end positions of the participants joint positions. Following the detailed experimental 
instructions over a high number of repetitions and positioning the joints into a specific posture 
prior to movement initiation might have imposed an attentional task constraint during our 
experiments. This attentional task constraint could interact with age-related deficits in 
cognition leading to changes in joint coordination and measures of motor flexibility. To account 
for this possibility future studies should clinically assess age-differences in cognition (e.g. 
clinical assessment tools such as the mini mental state assessment [64]) and relate possible age-
differences to the obtained UCM measures. Furthermore increasing the cognitive load during a 
given motor task (e.g. counting backwards) might reveal further information on how cognition 
interacts with measures of motor flexibility in old and young adults.

6.4.3. Individual joint variability
A methodological limitation of current UCM analyses is that it does not allow to distinguish 
between trial-to-trial variability originating from multi-joint co-variation and individual joint 
variability [65–67]. Therefore, individual joint variability might confound UCM measures 
leading to incorrect classification of trial-to-trial variability in joint coordination patterns into 
GEV and NGEV. Future studies should aim to establish methods allowing to correct for the 
confounding effect of individual joint variability in traditional UCM measures.
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6.5. CONCLUSION

The present thesis examined how healthy old as compared to young adults make use of the 
abundant joint motions to stabilize task important variables during reaching and sit-to-stand 
movements. Taken current and past data together it seems that there is not a universal decline or 
increase in motor flexibility with aging as measured with UCM analysis. It remains inconclusive 
whether and if so how age-related changes in intrinsic constraints or changes in task constraints 
affect flexibility in joint coordination during reaching and sit-to-stand movements. Flexibility 
in joint coordination might serve in compensation for neuromuscular deficits only when old 
or young adults operate at the limits of their force, balance or coordinative capacities. As long 
as the neuromuscular system does not operate at the limits of the available intrinsic capacities, 
adaptations in movement kinematics might be sufficient to guarantee safe and accurate reaching 
and sit-to-stand performance. 

The inconclusiveness in results on age-differences in motor flexibility might imply that complex 
and individual specific interactions between intrinsic and task constraints define the extent 
to what flexibility in joint coordination is used during voluntary movements. To improve the 
understanding of how healthy aging affects motor flexibility future studies should perform 
analyses on an individual rather than a group level. Furthermore future studies should 
investigate trial-to-trial changes in UCM measures to detect possible learning or adaptation 
effects which remain undetected with block analyses. 
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SUMMARY

When humans perform voluntary movements such as reaching for a target or sit-to-stand, the 
abundant joint motions provide the neuromuscular system with a large range of movement 
possibilities [1,2]. Healthy adults make use of this rich movement repertoire to guarantee 
performance stability during daily life reaching and sit-to-stand movements under different 
constraints to movement [3]. Healthy aging impairs functions of the central and peripheral 
neuromuscular system and old as compared to young adults perform reaching and sit-to-stand 
movements less accurately and more slowly [4–6]. The current thesis aimed to establish whether 
healthy old as compared to young adults are also less able to flexibly coordinate the abundant 
joint motions to stabilize task important variables under challenging task constraints. This thesis 
followed the principle of motor abundance [2] and the constraints to movement hypothesis [7,8]. 
The leading hypothesis was that the age-related decline in intrinsic constraints (e.g., muscle 
strength) leads to the emergence of alternative but equivalent coordination patterns during 
challenging reaching and sit-to-stand movements. This increase in motor flexibility would 
allow old adults to guarantee performance stability despite deficits in intrinsic constraints.

The uncontrolled manifold approach (UCM) was used to establish age differences in motor 
flexibility [3,9]. The UCM method decomposes trial-to-trial variability in joint motions into 
coordination patterns stabilizing (GEV) and de-stabilizing (NGEV) the task variable of 
primary importance (e.g. end-effector position during reaching or center of mass during sit-
to-stand). Larger values of GEV imply that the neuromuscular system employs a larger range 
of equivalent coordination patterns to guarantee task stability. To challenge the neuromuscular 
system, the force and accuracy constraints of the reaching tasks were manipulated by increasing 
the resistance to the reaching movement (force constraint) and decreasing the target size. The 
sit-to-stand movements were performed from low (100% leg length) and high (110% leg length) 
chair heights. When repeatedly standing up from a high chair the force and balance constraints 
were manipulated by subjects wearing a weighted vest (force constraint) and by decreasing the 
size of the support surface under the feet.

UCM analysis revealed that old as compared to young adults employed significantly larger 
GEV and similar NGEV when rising from low but not high chairs. During rapid reaching old 
and young adults similarly increased GEV and NGEV in response to higher force constraints. 
Manipulations of the accuracy constraint during reaching and the balance and force constraint 
during sit-to-stand did not affect flexibility in joint coordination in the young or old adults. We 
further observed the typical age-differences in reaching and sit-to-stand kinematics, muscle 
strength and manual dexterity. 

The data suggest that healthy aging does not seem to affect motor flexibility during reaching 
and sit-to-stand movements as measured by the UCM analysis. It remains inconclusive whether 
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and if so how age-related deficits in intrinsic constraints interact with the requirements of 
challenging reaching and sit-to-stand movements. The possibility exists that flexibility in joint 
coordination might serve in compensation for neuromuscular deficits only when old adults 
operate at the limits of intrinsic force, balance and coordinative capacities. As long as healthy 
adults perform within a safe range of intrinsic capacities adaptations in movement kinematics 
might be sufficient to guarantee safe and accurate sit-to-stand and reaching performance. Taken 
past and the current data together there is not a universal decline of motor flexibility with aging. 
Conceptual and methodological limitations of the experimental studies and UCM analyses are 
discussed and recommendations are given for future studies.
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SAMENVATTING

Tijdens het uitvoeren van bewegingen, zoals het reiken naar een voorwerp of het opstaan 
uit een stoel, is een overvloedig aantal vrijheidsgraden, zoals gewrichtshoeken, betrokken. 
Deze overvloedigheid van vrijheidsgraden geeft het neuromusculaire systeem de 
flexibiliteit om eenzelfde taak, bijvoorbeeld het reiken naar een doel, met vele verschillende 
gewrichtsconfiguraties uit te voeren [1,2]. Gezonde volwassenen maken in dagelijkse 
activiteiten gebruik van deze flexibiliteit om een taak onder verschillende omstandigheden 
stabiel uit te voeren [3]. Tijdens de gezonde veroudering van het menselijk lichaam treden er 
leeftijd gerelateerde veranderingen op, zoals een verminderde spierkracht. Het doel van het 
huidige proefschrift was om te onderzoeken of deze leeftijd gerelateerde veranderingen invloed 
hebben op de mate waarin oudere volwassenen, in vergelijking met jongere volwassenen, in 
staat zijn om gebruik te maken van de flexibiliteit in gewrichtshoeken tijdens het uitvoeren 
van reiktaken en het opstaan uit een stoel in verschillende uitdagende omstandigheden. 

Omdat uit de literatuur blijkt dat ouderen vergeleken met jongere volwassenen reiktaken en 
het opstaan uit een stoel minder accuraat en langzamer uitvoeren [4-6], zou men kunnen 
verwachten dat oudere volwassenen ook minder goed in staat zijn om hun gewrichten flexibel 
te coördineren tijdens deze taken. Echter, gebaseerd op het ‘principle of abundance’ [2] en 
de ‘constraints to movement hypothesis’ [7,8] neemt het huidige proefschrift een alternatieve 
stelling in. De leidende hypothese van het huidige proefschrift was dat leeftijd gerelateerde 
veranderingen leiden tot het ontstaan van alternatieve, maar gelijkwaardige oplossingen voor 
de uit te voeren taak als deze uitdagender wordt. Deze toename in motorische flexibiliteit 
zou ouderen in staat stellen om de leeftijd gerelateerde veranderingen te compenseren en de 
uitdagende taak stabiel en veilig uit te voeren.

Om deze hypothese te onderzoeken werd gebruik gemaakt van de ‘uncontrolled manifold’ (UCM) 
methode [3,9]. De UCM methode verdeeld de variatie in gewrichtshoeken over verschillende 
repetities van een taak in twee delen. Het ene deel, de ‘goal-equivalent variability’ (GEV) 
beschrijft de variabiliteit in gewrichtshoekconfiguraties die leidt tot een stabiele positie van een 
voor de taak belangrijke variabele (bijvoorbeeld de punt van de wijsvinger in reiktaken, of de 
positie van het lichaamszwaartepunt tijdens het opstaan uit een stoel). Het andere deel, de ‘non-
goal-equivalent variability’ (NGEV), beschrijft de variabiliteit in gewrichtshoekconfiguraties 
die leidt tot een variabele positie van deze belangrijke variabele. Hogere waardes van GEV geven 
aan dat er een groter bereik van de gelijkwaardige gewrichtshoekconfiguraties gebruikt worden 
om een bepaalde taak uit te voeren. Om het neuromusculaire systeem uit te dagen om deze GEV 
te gebruiken tijdens het uitvoeren van een taak, werd de moeilijkheid van de taak gemanipuleerd 
in experimenten. Tijdens de reiktaken werd de benodigde kracht (verandering weerstand tijdens 
de beweging) en vereiste nauwkeurigheid (aanpassing grootte van het doel) gemanipuleerd om 
de taak uitdagender te maken. Het opstaan uit de stoel werd vanuit verschillende stoelhoogtes 
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uitgevoerd (100% versus 110% van de beenlengte), en bij het opstaan uit een hoge stoel werd 
de benodigde kracht (door middel van een gewichtsvest), en de benodigde balans (grootte 
steunvlak onder de voeten) veranderd om de taak uitdagender te maken.

De resultaten van de UCM analyse lieten zien dat tijdens het opstaan uit een lage stoel oudere 
volwassenen, vergeleken met jongere volwassenen, significant meer GEV gebruikten, terwijl 
beide groepen evenveel NGEV lieten zien. Dit verschil was er niet tijdens het opstaan uit 
een hoge stoel. Daarnaast verschilden de waardes van GEV en NGEV niet tussen oudere en 
jongere volwassenen als de benodigde kracht groter werd tijdens het uitvoeren van snelle 
reikbewegingen. Ook hadden veranderende eisen van de nauwkeurigheid tijdens het reiken en 
balans en kracht tijdens het opstaan uit een hoge stoel geen effect op de waardes van GEV en 
NGEV die gebruikt werden door oudere volwassenen en jongere volwassenen. Tot slot, tijdens 
de experimenten werden de typische leeftijdsverschillen in kinematica tijdens het reiken en 
het opstaan uit de stoel, spierkracht, en behendigheid tussen oudere en jongere volwassenen 
vastgesteld. 

Op basis van deze resultaten kan gesteld worden dat het proces van gezond ouder worden 
de motorische flexibiliteit tijdens reiktaken en het opstaan uit een stoel niet belemmerd. De 
vraag blijft of, en zo ja, hoe, leeftijd gerelateerde veranderingen, invloed hebben op motorische 
flexibiliteit tijdens uitdagende reiktaken en het opstaan uit een stoel. Een mogelijkheid is dat 
de flexibiliteit in gewrichtshoekconfiguraties alleen gebruikt wordt om leeftijd gerelateerde 
veranderingen, zoals een verminderde spierkracht, te compenseren als oudere volwassenen het 
maximum van hun beschikbare kracht, balans, of behendigheid voor het uitvoeren van een 
taak gebruiken. In dat geval zou het kunnen dat als oudere volwassenen binnen een veilige 
range van hun capaciteit een taak uitvoeren, aanpassingen in de kinematica van de beweging, 
en niet in de motorische flexibiliteit, voldoende zijn om de leeftijd gerelateerde veranderingen 
te overkomen en deze taak accuraat en veilig uit te voeren. Hoe dan ook, op basis van deze en 
eerdere bevindingen kan gesteld worden dat er geen achteruitgang is in motorische flexibiliteit 
met gezond ouder worden tijdens het reiken naar een doel, opstaan uit een stoel en mogelijk 
ook andere functionele taken van het dagelijkse leven. Het proefschrift wordt afgesloten met 
een discussie over conceptuele en methodologische tekortkomingen van de experimenten en de 
UCM methode. Tevens worden hier aanbevelingen voor toekomstige studies gedaan.

samenvatting
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