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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.

general discussion
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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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