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How we interact with the dynamic world when moving is through continuous 

estimates of our body on one hand and of the environment on the other hand. When 

making a reaching movement, we adjust our movements continuously based on a 

comparison of the real movement with the estimated one. This adjustment might be 

necessary when the original estimate of our movement to make was wrong, or when 

the environment itself is changing. The wrong estimate could be due to limited 

sensory accuracy, or due to wrong assumption of the situation (e.g. made a wrong 

prediction of the ball bouncing in table tennis assuming no spin). When there is an 

actual change in the environment (e.g. picking up a glass from a tray served by a 

moving waiter), we may also adjust our movements (e.g. reaching trajectory to the 

glass). In this thesis, online movement adjustments are investigated when perturbing 

the sensory information.  

 

The type of adjustments that under study in this thesis is ‘online’, using sensory 

feedback from the body and the environment to update information immediately, so 

if any change occurs, the corresponding movement (e.g. direction, velocity, vigour, 

etc.) can change as well. For example, when a Turkish ice-cream vendor plays tricks 

with a customer who is going to grasp an ice cream by changing its position, it is 

common to see that the customer’s arm changes the original trajectory and attempts 

to catch the ice-cream immediately (a video example is shown before 0:40 at 

https://www.youtube.com/watch?v=9ksNR-oAlLI).  

 

How we adjust our movements continuously during goal-directed movements is 

related to the individual’s physical status, and also to the environment and the task. 

During ageing, the physical status of an individual can deteriorate, which may affect 

the ability of making online adjustments as well. This thesis focuses on the online 

adjustments during ongoing goal-directed movements, and compares those 

adjustments in different tasks between young and older adults.  

 

The older adults have been found less able to make online adjustments during 

ongoing movements. To reach a target, they take more time than the young to 
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maintain the reaching accuracy when the target is displaced (Kimura et al., 2015). 

When under time pressure, the movement must be performed within a certain time 

and the accuracy can be affected (Salthouse, 1979). This situation often goes along 

with lower-limb reaching while walking, and previous studies have reported that 

when the movement time is limited, the older adults have less accuracy compared to 

the young (Hoogkamer et al., 2015; Mazaheri et al., 2015). However, these studies 

focus on the results of the performance of the young and older adults, but not on the 

adjusting process. Much is still unknown about the adjusting process, such as how 

ageing affects the adjustments, which muscles make contributions and how the onset 

of adjustments relate to movement time.  

 

By providing detailed information of responses in kinematics or combined with 

kinetics and muscle activity in a time course, this thesis aims to answer the questions 

as how quick the online adjustments are and how ageing plays a role. It contributes 

to a better understanding of the online control process of upper and lower limbs 

movements. Additionally, it is important as a first step to elaborate on differences in 

online adjustments during ageing, and thereby inspire future work on training (if it is 

possible to improve the ability of online adjustments). 
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Theoretical Background  
 

Motor control process 
To initiate a voluntary movement, the central nervous system (CNS) develops a 

motor plan, and sends commands to muscles (Figure 1.1). This motor plan includes 

control signal and feedforward information (via efference copy, i.e., duplicate of 

control signal), which estimates the body’s state and the target (e.g. reaching goal) 

position (Dimitriou and Edin, 2010). Then this estimate is compared with the present 

position of the limb, and sensory information about the target (i.e. from vision, 

proprioception, vestibular system, etc.), so the motor plan is modified accordingly 

with integrated motor and sensory signals as feedback (van Beers et al., 2002; 

Gritsenko et al., 2009). As a result, if any relevant sensory information is perturbed 

during a movement, the movement outcome (such as trajectory) will be influenced.  

 
Figure 1.1  Simplified motor control process for online adjustments. 
Perturbation types 

 

Perturbations are often used to trigger vigorous online adjustments. To study online 

adjustments of reaching movements, several types of perturbations have been used 

in literature, such as visual, vestibular or mechanical perturbations. In this thesis, 

visual perturbations such as target jumps and background motion are applied, as well 
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as vestibular perturbations using galvanic vestibular stimulation (GVS). A target 

jump means that a target suddenly displaces its location.  

 

During an ongoing arm movement, if a target unexpectedly jumps, the hand can 

quickly adjust to the target’s new location (Georgopoulos et al., 1981; Soechting and 

Lacquaniti, 1983; Pelisson et al., 1986; Prablanc and Martin, 1992). Another 

perturbation type, background motion, involves the motion of the structure 

surrounding or ‘below’ a stationary target. In an optimal feedback control model, the 

controllers can ignore irrelevant information, such as background motion (Todorov 

and Jordan, 2002). However, what in reality is relevant can be irrelevant in 

experiments, like background motion that does influence the hand movement but 

does not require any adaptation of the movement. Background motion can indicate 

self-motion in the opposite direction if regarding the environment is stationary, but 

does not help in reaching a stationary target, as the hand is often observed following 

the background, known as a ‘manual following response’ (Brenner and Smeets, 1997; 

Whitney et al., 2003; Saijo et al., 2005). To examine if manual following response is 

a compensation to inferred self-motion of the background, GVS was also used in this 

thesis, as another means to induce inferred self-motion, not physical motion. GVS 

gives a small direct current on the mastoid processes (vestibular organs) that people 

may use this feedback and show corrective behaviour (Britton et al., 1993; Fitzpatrick 

et al., 1994; Day et al., 1997).  

 

The time between the onset of a perturbation that induces the movement adjustment 

and the onset of the adjustment is defined as ‘response latency’. Rapid online 

adjustments to target jumps only take about 100-160 ms in arm reaching (Kadota and 

Gomi, 2010; Oostwoud Wijdenes et al., 2013; Smeets et al., 2016), even without the 

target jump consciously being perceived (Pelisson et al., 1986; Johnson and Haggard, 

2005). Therefore, the time range of special interest for the response is from around 

100 ms to well below 200 ms after the onset of perturbations. It is interesting to see 

if different types of perturbation can trigger adjustments similarly fast. 
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Upper and lower limb tasks 
The online movement adjustments of upper and lower limbs have their similarities. 

It is suggested that arm reaching is evolved from accurate limb positioning during 

locomotion, and there is evidence that both behaviours are controlled using similar 

corticospinal circuits (Georgopoulos and Grillner, 1989; Yakovenko et al., 2011; 

Drew and Marigold, 2015; Yakovenko and Drew, 2015). However, the similarity of 

online adjustments during movement with upper and lower limbs has not been 

studied together before using similar means of perturbation (e.g. target jumps) and 

analysis.  

 

There are also differences between upper and lower limb tasks. A crucial one is that 

the lower-limbs also have to bear weight and that transfer weight shift is important 

in gait initiation. The interaction of balance maintenance and goal reaching can affect 

the task performance, especially in walking. During locomotion the goal of keeping 

balance may receive priority as compared to approaching a target (Barton et al., 2019). 

In the present thesis, the arm reaching tasks are all performed in a standing position, 

therefore the balance requirement is more demanding compared to reaching while 

sitting, but still not as dynamic and demanding as that in walking. It is also interesting 

to compare the adjustments with different balance constraints.  

 

Effects of ageing 
Ageing does affect the sensory and motor systems. The age-related changes in the 

sensory systems involve a reduced sensitivity of the proprioceptive (Skinner et al., 

1984) and vestibular system (Anson and Jeka, 2016), as well as the deterioration in 

the visual system, in terms of visual sensitivity, target localisation and visual 

processing speed (Owsley et al., 1995; Fiorentini et al., 1996; Habekost et al., 2013). 

Because of those physical changes with age, the sensory information reliance may 

shift more to vision (Jamet et al., 2004; Bugnariu and Fung, 2007; Haibach et al., 

2009; Slaboda et al., 2011; Agathos et al., 2015) compared to vestibular and 

proprioceptive systems, and the weight given to different sensory systems may 

depend on the task. Furthermore, the deterioration in the motor system involves 
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changes in muscle force development (Goodpaster et al., 2006), due to a loss of spinal 

motor neurons and motor units, a decrease in muscle fibre number and cross-sectional 

area (Booth et al., 1994).  

 

The effects of ageing on the sensory and motor systems will influence movement 

accuracy and movement time. In this respect it has been shown that older adults move 

more slowly to maintain endpoint accuracy in arm reaching movement (Goggin and 

Meeuwsen, 1992; Poulain and Giraudet, 2008; Kimura et al., 2015). It is also shown 

that older adults spend more time in deceleration after reaching the peak velocity to 

maintain endpoint accuracy, resulting in the whole movement time becoming longer 

(O'Rielly and Ma-Wyatt, 2019). During walking on targets that jump to different 

locations, online adjustments are required. It has been shown that the older adults 

make more errors than the young (Hoogkamer et al., 2015; Mazaheri et al., 2015), 

when there is no time to extend a step (e.g. walking on a treadmill) or there is time 

pressure (little available time before the heel-strike). However, only few arm-

reaching studies investigate ageing’s effects on the association of movement time and 

adjustment profiles (such as response latency and vigour). Even fewer studies 

investigate lower-limb adjustments during walking, so the association between 

available movement time and adjustment profiles is rarely investigated.  

 

Ageing can also affect how quickly people can adjust to perturbations (response 

latency). In goal-directed reaching movements, the hand movement adjustments to 

target jumps and background motion are observed about 20 ms later in the older 

compared to the young adults (Kadota and Gomi, 2010; Kimura et al., 2015). In 

target-stepping during walking, their response latency to target jumps is also shown 

to be around 30-80 ms longer than the young according to figures in Young and 

Hollands (2012). However, the differences in those studies could be related to the 

methods for latency determination. In this thesis, same method (extrapolation of 

velocity profile) is applied for latency comparison between young and older adults, 

allowing a better comparison between upper and lower limb tasks.  
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Research questions  
 

Based on the above, it is essential to examine how fast the online adjustments are in 

different tasks to understand if they are controlled similarly (via different types of 

perturbations; using upper or lower limbs). It is also important to understand how 

ageing affects the online adjustments (spatially and temporally), and further, if it 

affects them in a similar way for upper and lower limbs. There are two main research 

questions. 

 

Are the online adjustments through the same control process to different 

types of perturbations in different tasks? 
 

To answer this question, three aspects will be investigated: 

•   Comparison of target jump and background motion (Chapter 2) 

•   Comparison of Background motion and galvanic vestibular stimulation 

(Chapter 4) 

•   Comparison of adjustments of upper limb and lower limb (Chapter 2 with 

5, Chapter 3 with 6) 

 

The hypothesis is that the online adjustments in different tasks are similarly 

controlled for each comparison, in terms of response magnitude and latency.  

 

 

What are the effects of ageing on upper-limb (Chapter 3) and lower-limb 

(Chapter 6) online adjustments?  
 

The hypothesis is that the older adults respond later and less vigorously compared 

to the young adults, and responses of upper and lower limbs are affected by ageing 

in a similar way. 

  



	  
  

   15  

Specific research questions and hypotheses are summarised in the table. 

Chapter Questions Hypotheses 

2 Are fast adjustments of the arm 
accompanied by postural adjustments? 

Is the manual following response similar 
to the response to a target jump? 

Yes.  
Yes. 

4 Is the manual following response a 
compensation of apparent self-motion? 

Yes. 

5 Are muscle adjustments and foot 
adjustments during walking well below 

200 ms? 

Yes. 

   

3 
How do older adults respond to visual 

perturbations compared to young ones in 
reaching? 

Reduced and later responses. 

6 
How do older adults respond to target 

jumps compared to young ones in 
walking? 

Reduced and later responses. 
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Outline of the thesis 
 

Five studies were conducted and are introduced in the next five chapters. In this thesis, 

arm reaching tasks are studied (Chapters 2, 3 and 4), next to, a walking task, 

resembling lower-limb reaching (Chapters 5 and 6).  

 

In Chapters 2 and 3, target jump and background motion were used in an arm-

reaching (fast pointing) task. A visual perturbation of either type suddenly occurred 

during the arm movement. Chapter 2 emphasises on the postural responses to the 

two types of perturbations, and Chapter 3 directly compares the ageing’s effects to 

those perturbations.  

 

To understand if the manual following response induced by background motion is a 

compensation for apparent self-motion, Chapter 4 compares the apparent self-

motion from different origins (visual vs. vestibular) to see if they induce similar 

responses, therefore two main types of perturbation were applied, background motion 

and GVS.  

 

In Chapters 5 and 6, target jump was again applied as a perturbation in the walking 

task, shown as stepping-stone shifts (similar as target jumps). Chapter 5 shows the 

adjustments of the lower limbs in a continuous movement, walking. Chapter 6 

demonstrates how ageing affects the online adjustments in this task.  

 

The answers to the research questions are provided and discussed in a general view 

in Chapter 7. 
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Methodology  
 

Movement analysis is the main approach in this thesis to observe online adjustments. 

Kinematic data has been collected in the reaching tasks. For the walking task, 

kinematics, kinetics and muscle activity have been collected together. To answer 

different research questions, various types of perturbations are used: visual 

perturbations (target jump or background motion) and vestibular perturbations (GVS).  

 
Some details of the studies are summarised in the table. 

Chapter Task Perturbation type Participant Measurement 

2 Reaching 
(standing) 

Target jump 
Background motion 16 young Hand, wrist, head and 

trunk kinematics 

3 Reaching 
(standing) 

Target jump 
Background motion 

16 young 
16 older 

Hand, wrist, head and 
trunk kinematics, 

functional reach distance 

4 Reaching 
(standing) 

Target jump (as control)  
Background motion  

GVS 
20 young Hand and head 

kinematics 

5 Stepping 
(walking) Target jump 20 young 

Foot kinematics, centre 
of pressure, muscle 

activity 

6 Stepping 
(walking) Target jump 20 young 

20 older 

Foot kinematics, centre 
of pressure, muscle 

activity, timed-up-and-go 
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In this thesis, temporal variables are calculated such as movement time and response 

latency, as well as spatial variables such as endpoint error and accuracy. Response is 

defined as the net effects caused by perturbations, with subtraction from unperturbed 

trials. The response at the behavioural level is expressed in velocity, and in a time 

course relative to when the perturbation occurs (time zero). An extrapolation method 

(Veerman et al., 2008) is used to define latency and vigour. For kinetic data (centre 

of pressure) and muscle activity, the same extrapolation method is used.  

  


