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Abstract 

Sensory consequences of the actions can play a central role in motor control processes. 

For example, sensory feedback might signal deviations from a predetermined movement 

trajectory, enabling an immediate (”online”) adjustment of the action. Such online control 

processes are not feasible in the case of ballistic movements that are executed so fast that the 

processing of feedback and adjustment of the movement are not possible during the execution 

of the actions. Thus, it is often assumed that such movements are executed in a pre-determined 

manner, without taking the sensory effects of the actions into consideration. 

The thesis put this assumption to the test. In four studies, it was explored how auditory 

effects influence the execution of actions in typical self-generated sound paradigms. 

Participants had to repeatedly perform simple actions, like pressing a button, tapping with their 

fingers, or pinching a force-sensitive resistor. The set of action effects was manipulated across 

different experimental conditions. In some conditions, actions had no auditory effects, in others 

they elicited pure tones of constant duration and intensity. During the experiments, physical 

parameters of the actions were recorded. 

All four studies consistently found that auditory action effects are used as feedback to 

optimize the force of the tone-eliciting actions. It seems likely that the information provided by 

the tones about action success is utilized by the motor control system to adjust motor plans 

between consecutive actions on a trial-by-trial basis. Factors that can influence this action-

effect-related motor adaptation were also explored. According to the results reported in the 

thesis, force optimization is limited by a short time window for action-effect integration, and it 

can also be affected by the auditory context of the tone-eliciting task. 

 The results suggest that auditory effects are relevant from a motor control perspective, 

even if the stimuli only provide limited information about the actions, and if actions can only 

be controlled in an offline manner. This also indicates that experimental methods based on the 
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assumption that sensory effects do not contribute to the control of ballistic actions should be re-

evaluated. The motor correction procedure applied in auditory ERP attenuation studies, for 

example, could lead to a biased interpretation of ERP attenuation effects if action-effect-related 

motor adaptation is neglected. 

 

Keywords: action-effect-related motor adaptation, sensorimotor integration, ballistic action, 

motor control, optimization, action-related ERP attenuation 
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Kivonat 

A motoros kontrollfolyamatokban központi szerepet játszanak a cselekvések szenzoros 

következményei. Például a szenzoros visszacsatolás jelezheti, ha egy mozdulat kitér az előre 

kijelölt pályáról, lehetővé téve ezzel az azonnali („online”) korrekciót. Ilyen online vezérlésre 

azonban nincs lehetőség ballisztikus cselekvések esetében, hiszen ezek kivitelezése annyira 

gyors, hogy a szenzoros visszacsatolás feldolgozása és a mozdulat korrekciója nem 

kivitelezhető a mozgással egyidejűleg. Ezért a kutatók gyakran élnek azzal a feltételezéssel, 

hogy ezeknek a mozgásoknak a végrehajtása egy előre meghatározott parancs szerint, a 

szenzoros visszacsatolást figyelmen kívül hagyva valósul meg. 

A disszertáció ezt a feltételezést vizsgálta meg. Azt tanulmányoztam, hogy a hallási 

effektusok hogyan befolyásolják a cselekvések kivitelezését azokban a bevett kísérleti 

paradigmákban, melyek a cselekvés által kiváltott hangokat vizsgálják. A vizsgálati 

személyeknek egyszerű cselekvéseket kellett ismételten végrehajtaniuk. Például gombot 

nyomkodtak, az asztalon kopogtak az ujjukkal, vagy egy nyomásérzékeny ellenállást kellett 

időről-időre összecsippenteniük. A cselekvésekhez kapcsolódó szenzoros effektusok készlete 

feltételről feltételre változott. Egyes feltételekben a mozdulatok nem váltottak ki hallási 

effektusokat, míg más feltételekben a cselekvések állandó erősségű és hosszúságú tiszta 

hangokat eredményeztek. A kísérletek alatt a cselekvések fizikai paraméterei rögzítésre 

kerültek. 

Négy vizsgálat egybehangzóan azt mutatta, hogy a hallási effektusokat a mozgás 

irányításáért felelős rendszer visszacsatolásként használja, ami hozzájárul a cselekvések 

végrehajtásakor kifejtett erő optimalizálásához. A kiváltott hangok jelzik a cselekvések sikeres 

kivitelezését. Úgy tűnik, hogy ezt az információt a motoros kontroll-rendszer arra használja fel, 

hogy két cselekvés között, a visszajelzésnek megfelelően állítson a kivitelezendő mozdulat 

paraméterein. A tézisben megvizsgáltam azokat a tényezőket, amelyek befolyásolhatják ezt az 
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effektus-függő motoros adaptációt. Az eredmények azt mutatják, hogy az erő optimalizálását 

jelentős mértékben befolyásolja a hallási környezet, illetve a cselekvés és következménye közti 

idői viszony is. 

A tézisben bemutatott vizsgálatok arra utalnak, hogy a cselekvés szenzoros 

következményei relevánsak a mozgás irányításáért felelős rendszer számára. Ez még akkor is 

igaz, ha a hallási ingerek kevés információt szolgáltatnak a mozdulatok kivitelezéséről, illetve, 

ha a cselekvés-paraméterek beállítása csak „offline” módon valósítható meg. Mindez azt 

sugallja, hogy szükséges lehet felülvizsgálni azokat a kísérleti módszereket, melyek azon a 

feltételezésen alapulnak, hogy a ballisztikus cselekvések irányításában a mozdulatokhoz 

kapcsolódó szenzoros ingerek nem játszanak szerepet. Az egyik vizsgálat eredményei például 

azt mutatják, hogy a cselekvés-függő EKP (eseményhez kötött potenciál) elnyomás mértékének 

félrebecslését eredményezheti, ha figyelmen kívül hagyjuk az effektus-függő motoros 

adaptáció jelenségét. 

 

Kulcsszavak: effektus-függő motoros adaptáció, szenzomotoros integráció, ballisztikus 

cselekvés, motoros kontroll-folyamatok, cselekvés optimalizálás, cselekvés-függő EKP 

elnyomás 

 

 



1. Introduction

Perception and action can be regarded as the most elementary functions of cognition.

The ability to process information about the environment and to execute adequate actions in 

response to the events unfolding around us are essential components of adaptive behavior. It 

seems obvious then that the sensory and motor systems are in constant interaction. Actions are 

always linked to sensory events: They might be executed as reactions to external stimuli or 

performed with the goal of inducing some change in the environment (Prinz, 1987, 1990). 

Laboratory experiments often attempt to study perceptual processes in isolation, but in real life 

perception is always linked to actions (Hommel, 2010; Noe, 2006) and several studies indicate 

that the inhibition of motor activity also results in the disintegration of sensory processing 

(Ditchburn & Ginsborg, 1952; Kohler, 1964; Riggs, Ratliff, Cornsweet, & Cornsweet, 1953). 

Self-induced stimuli provide good opportunities for the exploration of sensory-motor 

interactions. Research focusing on motor control processes investigates how the sensory 

consequences of actions can contribute to the selection, planning and execution of movements 

(Hommel, 2009; Wolpert, Miall & Kawato, 1998). Studies interested in perceptual processes, 

on the other hand, examine how action-based predictions can modify the processing of sensory 

events (Hughes, Desantis, & Waszak, 2013; Schröger, Marzecová, & SanMiguel, 2015). As 

conventional methods of experimental psychology are primarily inspired by the information 

processing approach, they tend to focus on the isolated assessment of specific phenomena.  The 

study of sensory-motor interactions is also often characterized by this approach. That is, studies 

tend to consider just one part of the interactions: They either investigate actions affecting 

perceptual processing or the utilization of sensory effect in action control. However, the focus 

on a specific effect always entails the possibility of neglecting other, relevant factors. 

In experiments examining perceptual processing of self-induced stimuli, participants are 

usually instructed to elicit stimuli by quick, ballistic actions, like button pressing or finger 
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tapping (Horváth, 2014). The processing of the elicited stimuli is compared with the processing 

of physically identical sensory events that are generated by an external source. A basic 

assumption of such experimental paradigms is that perceptual and motor processes related to 

self-induced stimuli can be clearly separated from each other. Actions might influence the 

processing of their sensory consequences through predictive or attentional processes, but 

otherwise these stimuli are equivalent with their externally generated counterparts. This 

approach implies that in such experimental paradigms self-generated stimuli can be regarded 

as irrelevant side-effects of the actions (Horváth, 2015). This assumption, however, disregards 

the motor control perspective. Action control often relies on sensory stimuli that are induced 

by the movements. Although a large part of the motor control literature primarily focuses on 

internal effects of the actions (e.g., tactile, proprioceptive information), several studies indicate 

that external effects can also play an important role in action control1 (Hommel, 1993; 2009; 

Ladwig, Sutter, & Müsseler, 2012). 

In the thesis, I will examine the question whether disregarding the motor control 

perspective is a valid approach in self-generated stimulus paradigms. The research reported 

here started with the exploration of an experimental method that received a lot of attention 

during the last decade (for reviews, see: Horváth, 2015; Hughes et al., 2013): In the action-

related auditory ERP attenuation paradigm participants have to generate sounds by pressing a 

button, or by tapping with the fingers. ERPs elicited by self-generated auditory stimuli are 

compared to signals related to the processing of physically identical sounds initiated by a 

 
1 Action effects can be categorized in several ways. In the thesis action effects are divided along the internal-
external and proximal-distal dimensions. Internal effects refer to sensory stimuli inherently associated with a 
movement (i.e., such effects that are normally elicited when a certain movement is executed), like the tactile 
stimulation when grasping a glass, or the visual image of the moving hand during reaching. External effects on the 
other hand refer to stimuli that are arbitrarily associated with a movement in a certain context. For example, the 
same pressure to the gas pedal will elicit a different sound in a car with an electric engine than in a Formula 1 car 
with a combustion engine. Proximal effects refer to stimuli in sensory modalities which provide information about 
events that are in direct contact with the receptor (e.g., tactile, proprioceptive). Distal effects, however, refer to 
events at a distance (e.g., visual, auditory stimuli). In this case an intermittent medium (e.g., air) is necessary to 
induce activation in the sensory system. 
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computer. Compared to experimental setups where the role of sensory feedback in motor 

control processes is apparent (Ladwig et al., 2012; Mechsner, Kerzel, Knoblich, & Prinz, 2001), 

in this paradigm sounds only provide limited information about the actions that elicited them: 

Properties of the stimuli, such as duration and intensity, are constant and not affected by the 

action parameters. Sounds only provide feedback about the successful completion of the 

movement. However, even such limited information might be used for optimizing the actions. 

The first study of the thesis examines how such motor control processes might contribute to the 

interpretation of results obtained in the action-related ERP attenuation paradigm. Subsequent 

studies explore the conditions under which external auditory effects might be utilized for the 

optimization of ballistic movements: Experiments investigating the influence of action type, 

action-effect delay and action-effect contingency on motor control processes are reported. 

The thesis is structured in the following way: In Section 1.1 (Action-related auditory 

ERP attenuation) the action-related auditory ERP attenuation paradigm is introduced, and a 

short review of research on the action-related modulation of sensory processing is presented. 

Section 1.2. (Motor control theories) focuses on motor control theories that explore the role of 

sensory effects in action control.  In Section 2 (Synopsis and rationale of the theses), the goals 

of the studies are summarized. This is followed by the articles in their published form in Section 

3 (Studies). Finally, in Section 4 (General discussion), a summary of the results is presented 

and possible future directions are discussed. 

1.1.  Action-related auditory ERP attenuation 

The starting point for the research reported in the thesis was a simple methodological 

question regarding the action-related auditory ERP attenuation paradigm. Notably: In this 

paradigm, are ballistic actions with and without external auditory effects indeed planned and 

executed in the same way, as most studies on the topic assume?) Thus, the following sections 

3



provide an overview of previous research on the action-related auditory ERP attenuation effect. 

After a short introduction to action-related perceptual effects in general (1.1.1. Action-related 

modulations of sensory processing) and action-related auditory ERP attenuation in particular 

(1.1.2. Auditory ERP attenuation), longer sections are dedicated to presenting the predominant 

theories on the function and mechanisms of the latter phenomenon (1.1.3. The forward model 

of action-related auditory ERP attenuation) and the empirical evidence for and against these 

theories (1.1.4. Evidence for and against the forward model view). The subsequent section 

describes alternative views of action-related auditory ERP attenuation (1.1.5. Alternative 

approaches to sensory attenuation). The last section in this part provides a detailed description 

of an experimental paradigm that is often used for studying the action-related modulation of 

auditory ERPswith a special focus on the questions that are investigated by the studies reported 

in the thesis (1.1.6. The action-related auditory ERP attenuation paradigm). 

1.1.1. Action-related modulations of sensory processing 

Several studies indicate that self-induced stimuli and externally generated events are 

processed differently. Actions can modify perceptual processes in multiple ways. It has been 

observed, for example, that perception of the timing of sensory events is modulated by 

intentional actions (Haggard & Clark 2003; Haggard, Clark, & Kalogeras, 2002). Some studies 

also indicate an enhanced processing for self-induced stimuli (Reznik, Henkin, Schadel, & 

Mukamel, 2014; Reznik, Henkin, Levy, Mukamel, 2015). The most extensively studied 

phenomenon in this field, however, might be action-related sensory-attenuation (for an 

extensive review, see Hughes et al., 2013). In various sensory modalities, it has been shown 

that—compared to externally generated stimuli—sensory events are perceived with a lesser 

intensity if they are generated by one’s own actions. The most well-known example of this 

phenomenon is the observation that people cannot tickle themselves (Blakemore, Wolpert, & 
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Frith, 1998). Similar action-related effects were also observed with other somatosensory 

stimuli, for example touch (Bays, Wolpert, & Flanagan, 2005) and electrical shock (Voss, 

Ingram, Wolpert, & Haggard, 2008). Action-related sensory attenuation, however, is not limited 

to the somatosensory modality: Movement induced changes in the perceived intensity of the 

stimuli have been observed both with auditory (Sato, 2008; Weiss, Herwig, & Schütz-Bosbach, 

2011) and visual events (Cardoso-Leite, Mamassian, Schütz-Bosbach, & Waszak, 2010).  

 

1.1.2. Auditory ERP attenuation 

In the auditory domain, one of the most extensively studied self-generation effects is the 

action-related attenuation of ERPs2. It has been observed that several ERP components exhibit 

a smaller amplitude when they are elicited by self-induced sounds than when they are elicited 

by sounds generated externally. When this topic first attracted attention, research focused 

primarily on self-generated speech. In these studies participants were instructed to utter vowels 

or syllables. These stimuli were recorded and replayed to them later, in a condition where they 

only listened to the sounds. Action-related ERP attenuation was estimated by comparing ERPs 

elicited by the stimuli in the speech production and listening conditions (Curio, Neuloh, 

Numminen, Jousmäki, & Hari, 2000; Houde, Nagarajan, Sekihara, & Merzenich, 2002). 

However, the comparison of self-induced and externally-initiated speech has a few drawbacks. 

For example, it is difficult to establish comparable conditions for self-generated and external 

stimulation, as speech during production is not only perceived through the ears but also via 

bone conduction. Furthermore, creating an adequate motor control condition (i.e., a condition 

that can simulate the motor component of tone-generation) can be also problematic: One might 

ask participants to articulate identical words or phonemes as in the self-generated speech 

 
2 Similar effects were also found with somatosensory (Palmer, Davare & Kilner, 2016) and visual (Gentsch, & 
Schütz-Bosbach, 2011) stimuli.  
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conditions without actually vocalizing the stimuli. However, it would be difficult to argue for 

motor processes being identical during vocalization and silent articulation. 

To avoid such pitfalls, research recently shifted towards sounds generated by non-

speech actions. Similar ERP attenuation effects as the one observed with self-induced speech 

have also been reported in experiments in which participants elicited sounds via finger 

movements (e.g., tapping, button press: Baess, Jacobsen, & Schröger, 2008; Baess, Horváth, 

Jacobsen, & Schröger, 2011; San Miguel, Todd, & Schröger, 2013; Schäfer & Marcus, 1973; 

Timm, SanMiguel, Saupe, & Schröger, 2013). In these paradigms, it is easy to manipulate the 

relationship between actions and sounds. This allows for a more adequate comparison of self-

generated stimuli with conditions containing only auditory or only motor events.   

Despite differences in the experimental paradigm between studies using speech and 

manual actions, the results of the experiments and the conclusions drawn from them are similar. 

In both cases, the most prominent effect that was consistently observed across several 

experiments is the attenuation of the N1 waveform. In some instances, reduced amplitudes for 

P2 (Horváth & Burgyán, 2013; Knolle, Schröger, Baess, & Kotz 2012; SanMiguel et al., 2013; 

Saupe, Widmann, Trujillo-Barreto, & Schröger, 2013) and attenuated mid-latency responses 

(Baess, Widmann, Roye, Schröger, & Jacobsen, 2009) have also been reported. The N1 

waveform is a composite of several components: Nätäneen and Picton (1987) suggested that at 

least three “real” components contribute to the N1 waveform: two generated in auditory areas, 

and one modality-non-specific component, possibly originating in the frontal motor and 

premotor cortices. (Furthermore—because of overlapping time windows—, ERP components, 

like the mismatch negativity or the processing negativity might be difficult to separate from 

N1, although they can be considered separate waveforms.) SanMiguel et al. (2013) suggested 

that action-related auditory N1 attenuation mostly reflects reduced amplitudes of the modality-

non-specific component, especially in self-generation tasks with long between-action intervals, 

6



but in some cases attenuation of genuine auditory components was also observed (SanMiguel 

et al., 2013; Saupe et al., 2013).  

 

1.1.3. The forward model of action-related auditory ERP attenuation 

Studies showing reduced processing for self-induced sounds usually suggest that 

attributing less processing resources to self-induced than to externally generated stimuli is 

explained by cancellation of sensory reafference. In many cases, the sensory consequences of 

actions can already be predicted with a high accuracy during the planning of the movement 

(Schröger, Kotz, & SanMiguel, 2015). Such predictions might be based on prior knowledge 

(e.g., short term action-effect associations acquired through learning [Elsner & Hommel, 2004]) 

or on implicit links between feature dimensions of actions and sensory effects (e.g., spatial 

action-effect compatibility [Kunde, 2001]). A sensory event that matches expectations does not 

contain novel, relevant information. Thus, it seems reasonable to allocate fewer resources to 

the processing of such stimuli than to the processing of external events that might contain new, 

important information. Beside warranting an optimal distribution of processing resources, some 

studies assume that modified processing of self-induced sounds is also related to establishing 

sense-of-agency for these stimuli3. This idea is supported by the observation that action-related 

auditory ERP attenuation is more pronounced in experimental designs that are characterized by 

an increased role of a source attribution mechanisms4 (e.g., self-induced sounds are intermixed 

 
3 The causal relations implied by this idea are underdefined. Some studies suggest that recognizing the causal 
relationship between one’s own movement and its sensory consequence is a prerequisite of sensory attenuation 
(Desantis, Weiss, Schütz-Bosbach, & Waszak, 2012). Others propose a reverse relationship, and assume that 
modified sensory processing of self-generated stimuli contributes to establishing sense-of-agency (Blakemore et 
al., 1999; Ford & Mathalon, 2012): Specific processing of self-generated sounds might contribute to separating 
them from other, perceptually similar events, making it possible to identify them as consequences of one’s own 
actions. Whether such source attributive function would be supported by processing differences on a neural level, 
or by perceptual differences on the level of subjective experience (e.g., self-induced sounds are perceived as softer 
than self-generated stimuli) is usually not elaborated. 
4 The interpretation of such results is, however, controversial, as several studies indicate that causality 
judgements—and in the case of self-generated stimuli, agency judgements—do not increase, on the contrary, they 
decrease in conditions where action-effect contingency is reduced by the addition of action-independent stimuli 
(Chatlosh, Neunaber, & Wasserman, 1985; Shanks & Dickinson, 1991). As a consequence, increased ERP 
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with physically identical, but externally generated stimuli: Baess et al., 2011; Ghio, Scharmach, 

& Bellebaum, 2018; Knolle, Schröger, & Kotz, 2013).   

According to the predominant view, predictive processes that are thought to underly the 

action-related ERP attenuation effect (Bays, Flanagan, & Wolpert, 2006; Blakemore, Frith, & 

Wolpert,1999; Knolle et al., 2012) depend on operations executed by forward models (Miall & 

Wolpert, 1996). It is presumed that a copy of the motor command (efference copy: Von Holst 

& Mittelstaedt, 1950) is fed into such models when an action is executed. The models predict 

the sensory consequences of the actions, which can be compared with the actual stimuli elicited 

by the movements (Figure 1). 

 

Figure 1. A model for the comparison of predicted and actual sensory feedback. The figure is a reproduction of 

the model proposed by Blakemore et al. (1999). 

 

Forward models are well established in the field of motor control. Since they can be 

utilized for estimating future states of the system given the current state and the motor 

commands (Wolpert, 1997), forward models provide a plausible mechanism for the planning 

 
attenuation in such paradigms might even be regarded as evidence against the link between sensory attenuation 
and sense-of-agency. 
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and monitoring of movements that are too fast to be controlled by online feedback (e.g., 

saccades, hand movements). However, their function is not limited to warranting the adequate 

execution of actions, but they also modify the processing of stimuli generated during the 

movements. For example, maintaining the stability of the visual field during movements is a 

function generally attributed to forward models (Duhamel, Colby, & Goldberg, 1992). For such 

phenomena, the role of forward models is clearly conceptualized, and their implementation is 

explored in animal studies (Bastian, 1995; Bell, 1982).  

Forward models that contribute to the stabilization of the visual field execute a complete 

cancellation of self-induced stimulation. Sensory attenuation, however, might rely on different 

processes, as in the case of self-generated events, only a slight modification can be observed in 

perceptual processing of the stimuli (Bays & Wolpert, 2007). The prediction-based mechanism 

leading to an attenuated processing of self-induced stimuli, however, is not clearly defined. 

Usually, studies assume that the signal related to the prediction is subtracted from the signal 

related to the perception of the actual stimulus. If there is a perfect match between the prediction 

and the afferent information, the two signals cancel each other out. If there is a difference 

between the two, a part of the sensory signal will remain, and the size of this residual signal 

(i.e., the prediction error) depends on the similarity between the prediction and the actual 

outcome. (Blakemore et al., 1999, Wolpert, 1997). Sensory attenuation on the behavioral and 

electrophysiological level might be a reflection of the reduced signals that are the results of this 

comparator mechanism. 

Evidence provided by fMRI and TMS studies indicate that the supplementary motor 

area (SMA) is responsible for producing efference copies, while the cerebellum might be 

involved in generating sensory predictions and comparing them to the sensory input 

(Blakemore, Frith, & Wolpert, 2001; Haggard & Whitford, 2004; Knolle et al, 2012, 2013; 

Wolpert et al., 1998). However, while there are elaborate models about the role of forward 

9



models in the perceptual processing of self-induced stimuli, it is unclear how computations 

suggested by such models (e.g., subtraction of predictive signals from sensory input) are 

implemented on a neural level (Wolpert, Diedrichsen, & Flanagan, 2011). Thus, with regard to 

sensory attenuation, forward models can be only considered a theoretical concept. This is 

especially true for stimuli elicited by finger movements. In this case, only short term action-

effect links are established, and it is not evident whether such weak connections can be utilized 

by the forward models in outcome prediction in a similar way to long-term links present, for 

example, between articulation and speech sounds, or between eye-movements and changes in 

the visual field (Horváth, 2015; Schröger et al., 2015).   

 

1.1.4. Evidence for and against the forward model view 

Experiments manipulating the predictability of self-generated stimuli provide strong 

support for the predictive account of action-related sensory attenuation. If predictability of the 

stimulus is decreased by random temporal delays, by perturbations of the movement trajectory, 

or by manipulating the identity of the elicited stimuli, a significant reduction of the self-

generation effect can be observed both with behavioral (Blakemore et al., 1999) and with 

electrophysiological measures (Aliu, Houde, & Nagarajan, 2009; Baess et al., 2008) of sensory 

attenuation.  The role of predictions in sensory attenuation is also supported by studies that use 

compatibility paradigms with separate acquisition and test phases to manipulate the 

predictability of the action effects (Cardoso-Leite et al., 2010).  

The relationship between ERP attenuation (and self-generation effects in general) and 

schizophrenia is also often referenced in support of the forward model account of sensory 

attenuation. Several studies reported that both behavioral (Blakemore, Smith, Steel, Johnstone, 

& Frith, 2000; Shergill, Samson, Bays, Frith, & Wolpert, 2005) and electrophysiological 

sensory attenuation (Ford & Mathalon, 2012; Ford, Palzes, Roach, & Mathalon, 2014) are 
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reduced or nonexistent in this mental disorder: Ford and Mathalon (2012) suggest that in 

schizophrenia, due to a deficit in the forward model mechanism, cancellation of reafference 

does not work properly. Thus, even predictable, irrelevant stimuli are perceived as salient 

events, which could be an important factor in auditory hallucinations5. These results are also 

consistent with theories that link sensory attenuation to the recognition of self-agency, as a 

common symptom in schizophrenia is the attribution of one’s own thoughts and actions to 

external sources (Frith, 2005).  

Although the forward model account is currently widely recognized as the best 

explanation for action-related sensory attenuation, some experimental results seem difficult to 

fit into this framework. The strongest challenge to the predictive account of self-generation 

effects might be posed by results obtained in studies that apply the coincidence paradigm 

(Horváth, 2013a, 2013b; Horváth, Maess, Baess, & Tóth, 2012). In this experimental setup, 

participants’ actions and the displayed auditory stimuli are independent of each other. However, 

there are a few random coincidences of actions and sounds. Interestingly, even for such 

coincidences, action-related attenuation of the N1 component—very similar to that observed in 

standard self-generated sound paradigms—could be observed. As there is no contingent 

relationship between action and auditory stimulus, this N1 attenuation effect cannot be 

explained by predictive processes. These results suggest that even in the absence of predictions 

about the sensory consequences of the actions, intentional motor processes modulate the 

processing of self-generated stimuli.  

It is also important to note that although action-related ERP attenuation effects in 

contingent paradigms (i.e., when actions always elicit certain effects and these stimuli are only 

 
5 Ford and Mathalon (2012) also suggest that failure of the predictive mechanism in schizophrenia is not limited 
to the processing of self-generated stimuli: In an auditory oddball task, ERP components related to predictive 
processes (i.e., mismatch negativity, contingent negative variation, stimulus preceding negativity) were reduced 
in the patient group compared to healthy controls. These results suggest that predictive mechanisms that rely on 
external stimulus regularities are also affected in schizophrenia. 
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elicited by actions) are often automatically attributed to action-based identity predictions (e.g., 

predicting various feutures of the sound that is elicted by the action), this connection is far from 

evident. ERP components most often associated with action-related auditory ERP attenuation 

can also be affected by attentional factors (Giard, Perrin, Pernier, & Peronnet, 1988; Hillyard, 

Hink, Schwent, & Picton, 1973; Lange, 2009, 2013; Näätänen, Gaillard, & Mäntysalo, 1978; 

Ozaki, Jin, Suzuki, Baba, Matsunaga, & Hashimoto, 2004). Since attention attributed to the 

processing of auditory information likely differs in the case of self-induced and externally 

generated stimuli (e.g.,  enhanced temporal attention due to increased temporal predictability 

in self-induced conditions, different attentional load in conditions where participants have to 

generate sounds and where they only passively listen to them6), effects of prediction and 

attention are often difficult to disentangle (Lange, 2013; Schröger et al., 2015), and it can be 

challenging to determine whether action-related modulation of ERPs should be attributed to 

predictive mechanisms or to attentional factors. In their review, Hughes, Desantis and Waszak 

(2013) point out that beside motor identity prediction—attributed to the working of forward 

models—three other factors might also contribute to behavioral and electrophysiological 

sensory attenuation as observed in self-generated stimulus paradigms: (1) Participants have a 

more detailed knowledge about the timing of self-induced stimuli, compared to externally 

generated events (temporal prediction). (2) Participants themselves can determine when they 

produce the self-generated events, while the timing of externally initiated stimuli is independent 

of their will (temporal control). (3) Predictions about action effects are not necessarily generated 

by the motor system: Association between a tactile stimulus (caused by pressure on the button) 

 
6 Many of these factors have been explored in previous studies (Horváth, 2013b; Jones, Hughes, & Waszak, 2013; 
Lange, 2011; Saupe et al., 2013; Timm et al., 2013; Weiskrantz, Elliott, & Darlington, 1971; Weiss et al., 2011). 
Most of the referenced studies indicate that although attentional factors can contribute to the observed modulations 
of the ERP amplitudes, a significant self-generation effect seems to persist, even if these attentional factors are 
controlled. 
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and the auditory event (elicited by the action) might be sufficient for predicting the latter 

stimulus (non-motor identity prediction).  

 

1.1.5. Alternative approaches to sensory attenuation 

As outlined in the previous section there are several question marks with regard to the 

forward model account of sensory attenuation. Recently, a few alternatives were proposed that 

might provide a better explanation for some of these issues. 

The pre-activation account (Cardoso-Leite et al., 2010; Roussel, Hughes, & Waszak, 

2013) suggests that executing an action automatically activates the representation of the sensory 

effects associated with the movement. This would result in increased activation of the network 

representing the sensory event, even before the processing of the actual stimulus has started. 

This activity increase can be regarded as raising the noise level, which makes the identification 

of the activation induced by the actual stimulus more difficult. In contrast, during the perception 

of externally generated stimuli, activation is at a baseline level before the start of sensory 

processing, supporting easier discrimination of stimulus induced activity. The idea is supported 

by reduced contrast sensitivity for self-generated stimuli that are congruent with previously 

acquired action-effect associations (Roussel et al., 2013). Results of studies that show an action-

related activation of sensory areas (Kuhn, Seurinck, Fias, & Waszak, 2010) or sensory 

representations (SanMiguel et al., 2013) are also consistent with the pre-activation account. 

However, while the pre-activation account can provide an explanation for behavioral effects of 

sensory attenuation (based on the signal detection framework), the theory does not explain how 

the action-related pre-activation of sensory networks would induce ERP attenuation effects. 

Several studies have been conducted to control attentional factors in self-induced sound 

experiments (Horváth, 2013b; Jones et al., 2013; Lange, 2011; Saupe et al., 2013; Timm et al., 

2013; Weiskrantz et al., 1971; Weiss et al., 2011). There is one attentional factor, however, that 
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has not been addressed properly yet, and that might provide a plausible alternative to prediction-

based explanations of the ERP attenuation effect: In conditions where externally generated 

stimuli are presented, participants do not have any other task than to attend to the stimuli. Thus, 

sensory processing is the main focus of the participants. When generating sounds themselves, 

on the other hand, attention might be temporally shifted to the planning and execution of 

movements. As the timing of the actions coincides with the timing of the stimuli, it is possible 

that less attentional resources remain for sensory processing (Horváth, 2015). This idea is also 

supported by the suggestion that action-related N1 attenuation mostly reflects reduced 

amplitudes of the non-specific N1 component (SanMiguel et al. 2013), which is is a component 

tied to attentional processes (i.e., related to the orienting response). 

A mechanism aimed at explaining self-generation effects within the predictive coding 

framework (Clark, 2013; Friston, 2003; Hohwy, 2013) was proposed by Brown, Adams, Parees, 

Edwards and Friston (2013).  According to predictive coding theory, the driving force behind 

all functions of living organisms is the goal of reducing prediction errors.  The active inference 

principle states that this cannot only be achieved by adjusting the predictive model, but also by 

modifying sensory input in a way that it would correspond to the predictions. Such changes in 

the sensory input can be achieved by active movement (Brown, Friston, & Bestmann, 2011; 

Friston, 2011; Friston, Daunizeau, Kilner, & Kiebel, 2010). For example, if one makes the 

prediction of holding a glass of water in the hand, while the glass is still on the table, the 

prediction error can be reduced either by modifying the prediction (i.e., glass is not in the hand 

but on the table), or by picking up the glass (i.e., this way, the prediction is fulfilled).  During 

movement, a larger weight is attributed to the goal of the actions (i.e., the predicted sensory 

input in the desired state), and the influence of the current sensory evidence that contradicts the 

predictions is reduced. According to the predictive coding account, this reduced weighting of 
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bottom-up sensory information is reflected in behavioral and electrophysiological measures of 

sensory attenuation (Brown et al., 2013). 

 

1.1.6. The action-related auditory ERP attenuation paradigm 

Several experimental methods are used for studying the action-related modulation of 

sensory processing. When examining behavioral sensory attenuation, usually, the point of 

subjective equality method is applied (Sato, 2008; Weiss et al., 2011), which is based on 

participants comparing the loudness of self-induced and computer-initiated  tones (or auditory 

stimuli initiated by another participant) to a computer-generated reference sound of varying 

intensity. A different method is utilized by studies focusing on the electrophysiological 

measures of sensory attenuation. The conventional paradigm applied for the assessment of 

action-related auditory ERP attenuation (for a review, see: Horváth, 2015) comprises three 

conditions (Figure 2)7: During the motor-auditory condition, participants have to produce 

sounds by performing some finger movement (e.g., button press, tapping). Timing of the actions 

is usually determined by an interval production task (e.g., participants are instructed to generate 

sounds at a constant pace or to produce a uniform distribution of between-action intervals in a 

predefined time-range). In the auditory condition, participants do not perform actions, they 

simply listen to tones generated by the computer. To ensure that auditory stimulation is the 

same in the motor-auditory and auditory conditions, usually the tone-sequence in the motor-

auditory condition is recorded, and then replayed with identical timing of the sounds in the 

auditory condition.  

 
7 The method described here is used when auditory effects elicited by finger movements are examined. Paradigms 
used for investigating self-generation effects in speech can differ, although the general concept of the experimental 
design is similar. 
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Figure2. Experimental conditions in the action-related auditory ERP attenuation paradigm. 

 

The main goal of action-related ERP attenuation studies is to compare the perceptual 

processing of self-induced and externally-initiated sounds. However, in addition to auditory 

ERP components, waveforms in the motor-auditory condition also contain neural activity 

related to motor processes, as ERPs in this condition are elicited by action-sound conjunctions. 

Thus, a separate motor condition is also administered to the participants. In this condition, 

participants have to perform actions according to the same temporal constraints as in the motor-

auditory condition, but the actions do not elicit auditory effects (i.e., participants perform silent 

button-presses). Since motor activity in the motor-auditory condition is supposedly well 

approximated by motor ERPs recorded in the motor condition, the auditory contribution to the 

motor-auditory waveforms is estimated by subtracting the ERPs recorded in the motor condition 

from the ERPs obtained in the motor-auditory condition. These motor corrected motor-auditory 

waveforms are compared to the ERPs recorded in the auditory condition. Usually, analysis 
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focuses on N1 and P2 waveforms, but sometimes other components are also considered (e.g., 

P3a, mid-latency responses). Attentional processes likely differ across the conditions, thus often 

some additional task is given to participants to reduce or manipulate such differences (e.g., 

count the tones, notice deviants, compare between-action intervals). 

Although this ERP attenuation paradigm is widely used in the study of self-generated 

sounds, there are several drawbacks to this method. The influence of attention and the role of 

temporal prediction, temporal control, and identity prediction have already been discussed in 

previous sections. Questions about the contribution of auditory and modality-non-specific 

components to the ERP attenuation effect have been also mentioned: Most theories of sensory 

attenuation assume that actions induce a change in the perceptual processing of their sensory 

effects. However, results are ambiguous with regard to the attenuation of auditory N1 

components (i.e., attenuation of the modality-non-specific component is more prominent: 

SanMiguel et al., [2013])  

Although it would be an important goal for future studies to address these issues, the 

current thesis focuses on questions related to the motor correction method (outlined above) that 

is used for isolating sensory components in ERPs elicited by self-induced tones. The validity 

of this motor correction method is based on the presumption that actions (or at least their neural 

reflections) are identical in the motor and motor-auditory conditions (Horváth, 2015). If this 

prerequisite is violated, and the neural activity recorded in the motor condition cannot be 

regarded as a well-enough approximation of the motor-related activity present during tone-

eliciting actions, the applied subtraction method could not ensure the aspired isolation of 

sensory components. Fundamentally, the framework underlying the motor control method 

suggests that actions executed in the ERP attenuation paradigm are controlled by open-loop 

mechanisms (see: 1.2.1.1.). According to this idea, participants would perform button presses 

or tapping tasks without considering the distal sensory effects of their actions. Auditory action 
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effects are regarded as simple side effects of the movements. This approach suggests that adding 

auditory stimuli to the set of action effects or removing them would not have any influence on 

the control of ballistic actions. While there is some evidence supporting such a claim (Finney, 

1997; Gates, Bradshaw, & Nettleton, 1974; Pfordresher & Palmer, 2002, 2006), this idea is 

challenged by current theories of motor control. 

 

1.2. Motor control theories 

Although research described in the thesis started with questions about the action-related 

auditory ERP attenuation paradigm, which is usually discussed within the context of auditory 

perception, the studies mainly focus on questions of action control. First, we explored motor 

control processes within the context of the ERP attenuation paradigm, but later the scope of the 

studies was extended, placing a larger emphasis on more general issues regarding the role of 

sensory events in the control of ballistic actions. Thus, in the following, I will provide a short 

overview of motor control theories. This should not be considered an extensive review of the 

field. Theories like the dynamic systems approach (Turvey, 2007; Warren, 2006) or Schmidt’s 

schema theory (Schmidt, 1975), that were not considered in the published articles (presented in 

the later chapters of this thesis), are not introduced here. Instead the focus is on control theory 

and ideomotor approaches. These theories usually view motor control phenomena from 

different perspectives, but both can contribute to understanding the role of external feedback in 

the control of ballistic movements. First, I describe the main ideas of control theory (1.2.1. 

Control theory), then I introduce two different conceptualizations of the role of sensory effects 

within this framework: open- (1.2.1.1. Open-loop control) and closed-loop control (1.2.1.2. 

Closed-loop control), with a short review of the experimental evidence supporting these two 

theories (1.2.1.3. Evidence for open- and closed-loop control). A short discussion of the 

optimization principle—which plays a central role in the research presented in the thesis—
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concludes the part about control theory approaches (1.2.1.4. Optimization). After that follows 

a summary of the theoretical principles of ideomotor theory and the supporting empirical 

evidence (1.2.2. Ideomotor theory). Subsequently, I discuss how the presented theories might 

inform the scientific approach to effect-based control processes within the framework of action-

effect-related auditory ERP attenuation (1.2.3. Motor utilization of auditory stimuli in the 

auditory ERP attenuation paradigm). Finally, a short review of augmented feedback studies is 

provided (1.2.4. Augmented feedback), since these studies touch upon very similar action 

control topics—although from a different, more application-oriented perspective—as those 

discussed in the current thesis. 

 

1.2.1. Control theory 

Control theory approaches regard the central nervous system as an information 

processing device. This computer-like system—among several other functions—has the task of 

calculating motor commands that result in adequate responses to a wide range of stimuli. From 

a computational perspective, the environment in which actions are performed and the properties 

of the motor system itself pose considerable challenges for an effective control system (Franklin 

& Wolpert, 2011): For example, motor control mechanisms have to deal with the problem of 

redundancy8, with noise in the environment and in the neural system and with delays caused by 

neural processing time. Furthermore, uncertainty on several levels—for example, incomplete 

knowledge about task goals and task rewards, ambiguity in perception (e.g., two-dimensional 

mapping of three-dimensional space on the retina), and low-resolution sensory information due 

to the limited number of receptors—must be resolved to ensure adequate control processes. 

 
8 Hypothetically, an infinite number of ways are available to successfully reach an action goal. Motor control 
theories have to explain how the observed stereotypical motor patterns emerge from this pool of infinite 
possibilities. 
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Control theory explores how such challenges can be met by a system with limited 

computational and storage capacity. Current approaches suggest that powerful tools like 

multisensory integration, Bayesian inference, and state estimation models (e.g., Kalman filter) 

are utilized by the cognitive system to handle these tasks (for reviews, see: Franklin & Wolpert, 

2011; Wolpert et al., 2011). Control theory approaches can be organized into two frameworks: 

open-loop and closed-loop control (Todorov, 2004). The main difference between the two 

theories is how they conceptualize the contribution of sensory feedback to motor control 

processes.  

 

1.2.1.1. Open-loop control 

One possible way of controlling actions is by predefining motor commands before 

action initiation and executing the movement without relying on sensory feedback. In such 

open-loop systems, control vectors are specified independently of the state of the controlled 

system (Latash, 2012a). Todorov (2004) uses the analogy of playing a pre-recorded tape in 

reference to open loop control: Once the motor program is initiated, it runs a predetermined 

course. This does not mean that such systems could not adapt to new environments: In the 

planning phase, the motor program is designed in a way that is most adequate in the given 

context. However, when actions are controlled by such feedforward mechanisms, once the 

movement has been initiated, the motor program cannot be adjusted, even if unexpected 

perturbations result in deviations of the movement from the planned trajectory. Open-loop 

control mechanisms are usually efficient in explaining average behavior, but as the movements 

always run according to a predetermined plan, they fail to provide a functional account of trial-

by-trial variability (Todorov & Jordan, 2002), deviations from the average value can only be 

attributed to noise. 
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Open-loop systems are ideal for controlling movements that are so fast that the time 

required for the online processing of feedback would result in inadequate, belated adjustments. 

Feedforward control mechanisms are also effective in controlling well-established motor 

patterns, where extensive experience with similar tasks warrants that movements can be pre-

planned in ways that conform to the demands of the environment (Shea, Shebilske, & Worchel, 

1993). Due to the lack of online adjustments, open-loop control is better suited to systems with 

low levels of noise and deterministic dynamics (Todorov, 2004). Furthermore, as no processing 

of sensory information is required during the execution of the movements, in tasks where 

cognitive resources are limited, open-loop control might be more adequate than control 

strategies utilizing feedback loops. 

 

1.2.1.2. Closed-loop control 

In contrast to open-loop systems, closed-loop control utilizes feedback mechanisms, that 

is, it relies on online feedback about the execution of the movement. In such systems, the state 

of the controlled object is considered when the control vector is determined (Latash, 2012a). 

According to Adams (1971), feedback, error detection and error correction are the key 

components of closed-loop control. Closed-loop control is based on a servo-mechanism 

(Edwards, 2011): An internal model that can establish reference values for the optimal 

movement trajectory in advance, and can determine what sensory stimuli would signal the 

correct execution of the actions is an integral part of the system. When the actual stimuli are 

perceived, a comparator estimates the difference between expectations and reality. If the 

comparator indicates a substantial deviation from the reference value, an adjustment of the 

movement is triggered. 

Frith (2005) gives a schematic account of a system—based on a network of forward and 

inverse models—that can explain a wide variety of motor control phenomena. He suggests two 
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different forward model types: Forward dynamic models predict the future state of the system, 

given the current state and the motor commands that are issued, whereas forward output models 

predict the sensory consequences of an action based on the efference copy (i.e., a copy of the 

motor command). Inverse models are responsible for choosing a movement and a motor plan 

that can result in the desired outcome. Six representations are required for adequate control of 

motor processes: (1) the estimated current state of the system, (2) the desired state of the system, 

(3) the motor command that can result in the desired state (determined by the inverse model), 

(4) the predicted state of the system, if these motor commands are executed (determined by a 

forward dynamic model), (5) predicted sensory consequences of the movement (determined by 

a forward output model), and (6) the actual sensory consequences. Operations executed by the 

system are based on the comparison of these representations. For example, if the predicted 

sensory consequences do not match the actual ones, either the movement needs to be adjusted, 

or the models producing the predictions have to be updated. 

Usually, closed-loop mechanisms are considered to be best suited for the control of 

relatively slow movements. In such cases, the processing delays inherent in the nervous system 

do not interfere with an effective online adjustment of the movements. However, there have 

been theories indicating that feedback mechanisms can also contribute to the control of fast 

actions. When quick adjustments are necessary, feedback might not rely on actual stimuli, but 

on estimated sensory input (Wolpert, 1997). Thus, a combination of feedforward and feedback 

strategies can provide a solution for the delay problem. Such mechanisms have been suggested, 

for example, in the control of saccades (Miall & Wolpert, 1996).  

Traditional closed-loop theories presumed that feedback-based control was continuous. 

That is, at each time point the movement state is compared to the estimated reference value, 

and in case of an error, immediate adjustments are made. Recently, however, closed-loop 

models with discrete and intermittent control have been suggested (Gawthrop, Loram, Lakie, 
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& Gollee, 2011; Loram, van de Kamp, Lakie, Gollee, & Gawthrop, 2014). In these systems, 

adjustments are only executed at predefined time-points or if the error signal exceeds a certain 

value. Compared to continuous control mechanisms, such control mechanisms that can be 

regarded as interleaved sequences of open- and closed-loop control are presumed to handle 

feedback delays much better, and they might be more appropriate for controlling sequential 

ballistic actions. Evidence for such control mechanisms comes from eye-movements and 

manual tracking tasks, where movement phases are interspersed with rest phases (i.e., the 

psychological refractory period, error deadzone) to make the adequate processing of sensory 

information possible (Wolpert, Miall, Winter, & Stein, 1992).  

Moreover, it is important to note that closed-loop control proves useful also when new 

movements are learned (Edwards, 2011). Without extensive experience, it can be difficult to 

determine movement parameters that fit the context precisely. In the case of novel movements, 

closed-loop control can contribute to the successful completion of actions: Even if pre-

determined motor plans fail, online adjustments can help in guiding movements towards the 

desired end-state. 

 

1.2.1.3.  Evidence for open- and closed-loop control 

Closed-loop and open-loop control were originally regarded as competing ideas, both 

aimed at providing a general framework for motor control mechanisms. Today, they are rather 

regarded as two extremes of a continuum9. The requirements of a given task determine which 

of the two mechanisms is dominant: Some actions are executed with more, others with less 

contribution of feedback-dependent motor control processes. 

Reaching tasks (and similar, complex arm movements) can be regarded as the paradigm 

case for the study of closed-loop mechanisms.  Several studies provide evidence about the 

 
9 Open-loop control can also be conceptualized as a specific case of closed-loop control, with infinitely long action-
effect delays (Todorov, 2004).  
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central role of feedback in the control of such actions: Research indicates a strong reliance on 

both proximal (tactile, proprioceptive) and distal (visual) internal feedback (Cluff, Crevecoeur, 

& Scott, 2015; Pruszynski & Scott, 2012; Sarlegna & Mutha, 2015; Scott, Cluff, Lowrey, & 

Takei, 2015). Studies about the utilization of distal feedback during arm and hand movements 

focus primarily on the visual modality, and the results generally indicate an effective use of 

visual feedback in controlling such actions. In his classic study, Woodworth (1899) asked 

participants to move a stylus in a slit back and forth between visually marked endpoints, with 

their eyes open in one condition and closed in the other. Actions were performed at different 

velocities. Accuracy was significantly improved by visual control only if the movement speed 

was low. This supports the notion that the contribution of closed-loop control increases for 

slower movements. As feedback only enhances movements that took at least 200 ms to 

complete, Keele and Posner (1968) concluded that this was the time that is necessary for 

utilizing visual feedback loops in action control processes. While the study by Woodworth 

examined the utilization of internal visual feedback (i.e., observing the moving hand directly), 

some studies also explore movements with external feedback. For example, action trajectories 

are often investigated in experimental setups where visual information is be provided by cursor 

movement—induced by actions of the agent—being displayed on a screen (Ladwig et al., 2012; 

White, & Diedrichsen, 2010). In such experiments internal visual feedback might be blocked 

by concealing the limb executing the movement. Interestingly, utilization of external visual 

feedback can also help in performing tasks that are regarded as extremely difficult, when 

administered without visual information (Mechsner et al., 2001). Turning two wheels with a 

4:3 frequency ratio is for most people only possible with extensive practice. However, 

participants could easily accomplish the task if this movement ratio was reflected by a simple 

1:1 ratio in the visual modality. This was implemented by attaching gears to the wheels so that 

the turning of the wheels at different speeds would result in identical rotations for flags attached 
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to them. The study also suggests that the utility of various feedback channels might depend on 

the actual context and task. Interestingly, in experiments where conflicting information is 

provided by proximal and distal feedback, participants usually choose to rely on distal 

information (Kunde, Müsseler, & Heuer, 2007; Ladwig et al., 2012; Rock & Harris, 1967). For 

example, Rock and Harris (1967) asked participants to judge the size of objects. They could 

grasp and see the objects, but the visual image was distorted by a minifying lens. Participants’ 

judgments tended to reflect the information received in the visual modality.  

Although research about slow arm and hand movements indicates a strong reliance on 

sensory feedback, several studies suggest that a large variety of actions can be executed without 

the support of sensory information, that is, in an open-loop manner. For instance, monkeys can 

walk and climb even when sensory feedback from the limbs is eliminated by cutting the afferent 

nerves (Taub & Berman, 1968)10. Similar observations have also been made with humans 

whose sensory nerve fibers were damaged (Lashley, 1917). In some cases, patients could 

perform complex tasks, like drawing or sequential finger movements, without the contribution 

of proprioceptive, tactile, auditory or visual information (Marsden, Rothwell, & Dell, 1984).  

While studies relying on closed-loop theories usually focused on relatively slower 

movements, quick, ballistic actions like button presses, tapping, and swinging motions were 

explored more extensively within an open-loop framework. Studies examining motor processes 

during piano play provide support for the assumption that feedback does not contribute to the 

control of fast movements: Experimental results indicate that the physical parameters of 

keystrokes (e.g., timing, force) are not affected substantially by the complete removal of 

auditory feedback (i.e., no sounds induced by hitting the piano keys), suggesting that the control 

of such movements does not rely on auditory consequences of the actions (Finney, 1997; Gates 

et al., 1974; Pfordresher & Palmer, 2002, 2006). Interestingly, however, if feedback is “only” 

 
10 Although movements were executed relatively well when sensory feedback was eliminated, the actions appeared 
clumsy to the observers. 
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delayed, instead of a completly eliminating auditory effects, the movement execution changes 

drastically. Action timing becomes less accurate and a significant increase in movement force 

and/or velocity can also be observed. Similar patterns11 (i.e., no effect of feedback removal, but 

substantial changes induced by feedback delay) were also observed with different ballistic 

movement types, such as finger tapping, morse coding, and clapping (Finney & Warren, 2002; 

Howell, Powell, & Khan, 1983; Kalmus, Denes, & Fry, 1955). 

While the online integration of sensory feedback into the control of actions (i.e., a 

continuous control mechanism) is indeed hardly feasible when such ballistic movements are 

executed, an intermittent control schema could explain the utilization of sensory information. 

In a repetitive aiming task where participants were instructed to move a hand-held stylus to a 

target as quickly as possible, participants’ performance improved, and their dependence on 

external sensory information increased gradually during the course of the experiment (Proteau, 

Marteniuk, & Lévesque, 1992). These results suggest that even in the case of ballistic 

movements, sensory information about past actions can be be utilized in the control of 

subsequent actions. This could make a stepwise adjustment of the motor plan in the rest phase 

between movements possible. 

Beside quick, ballistic actions, stereotypical, automatized movements are also often 

assumed to rely primarily on open-loop mechanisms. Walking, for example, has been 

considered a typical example of open-loop control. Animal studies showed (Cohen, Rossignol, 

& Grillner, 1988; Grillner, 1981) that the rhythmic gait pattern can be generated by the spinal 

chord, without any input from the brain or from the sensory system12. 

 
11 It has to be noted that results are not unequivocal: In some cases, an increase in action forces was also observed 
when auditory feedback was completely removed (Chase, Harvey, Standfast, Rapin, & Sutton, 1961; Karlovich & 
Graham, 1967). 
12 These studies were conducted with cats. Input from higher levels of the motor system was eliminated by severing 
the spinal cord from the brain, and sensory feedback was blocked by cutting the dorsal roots and/or paralyzing 
muscles with curare. Other studies, however, suggested a role for sensory feedback in the motor control of walking: 
When the paw of a cat was touched with a rod, the reaction of the animal would depend on the actual motion phase 
(Forrsberg, Grillner, & Rossignol, 1975): if the leg was in the stance phase, an enhanced extension response could 
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1.2.1.4. Optimization 

The function of closed-loop and open-loop processes is to ensure that movements adhere 

to a trajectory pre-determined by the motor control system. However, they do not explain how 

a certain reference trajectory is chosen from the infinite number of possible paths. Control 

theory approaches usually rely on the idea of optimization to solve this issue (Todorov, 2004; 

Todorov & Jordan, 2002). Optimization can be regarded as the maximization of values 

indicating action success, and the minimization of movement costs. This principle provides a 

plausible solution to the problem of redundancy: From the abundant number of possible 

movements the one is chosen that is associated with the lowest costs while ensuring a high 

probability of success. The main question regarding optimization is which movement parameter 

(or parameters) are optimized. Several solutions have been suggested: energy used by muscles 

(minimum energy models), smoothness of the movement (minimum jerk and minimum joint 

torque models), endpoint variance (minimum variance model). Each of these models is 

successful in predicting and explaining trajectories for certain movement types, while less 

adequate for others. For example, minimum energy models provide a good account of the gait 

cycle (Anderson & Pandy, 2001; Collins, 1995), minimum jerk models are very useful in 

predicting trajectories in arm movement tasks (Flash & Hogan, 1985; Hogan, 1984), while 

minimum variance models provide strong explanations for certain features of saccadic eye 

movements (magnitude dependent speed profiles; Harris & Wolpert, 1998; Harwood, Mezey, 

& Harris, 1999). A real performance criterion, however, likely involves multiple cost terms. 

Rosenbaum (2009) assumes a flexible system and suggests that optimization criteria are 

determined with respect to the actual task goals of an actor. Several cost minimization models 

 
be observed, while in the step phase stimulation induced an enhanced flexion response. Such mechanisms go 
beyond the scope of open-loop control, as the state of the system is only considered in closed-loop models. 
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might contribute concurrently to the selection and control of actions, and optimization criteria 

are always re-weighted or re-ranked according to the demands of a specific task (Jax, 

Rosenbaum, Vaughan, & Meulenbroek, 2003; Rosenbaum, Meulenbroek, Vaughan, & Jansen, 

2001). 

A flexible control system is also suggested by the optimal feedback control theory 

(OFC: Todorov, 2004; Todorov & Jordan, 2002), which is a unifying framework that combines 

the advantages of several other control theory accounts and can predict movement trajectories 

for a wide range of actions (e.g., eye movements [Chen-Harris, Joiner, Ethier, Zee, & 

Shadmehr, 2008], arm movements [Braun, Aertsen, Wolpert, & Mehring, 2009], maintaining 

posture [Kuo, 2005]). Instead of relying on a certain, predetermined feedback law, OFC finds 

the optimal feedback control law for each specific task (Todorov & Jordan, 2002). Beside 

minimizing movement costs, OFC also minimizes the cognitive effort spent on control (Latash, 

2012b). The approach merges the strengths of open- and closed loop control, because it relies 

on a servo controller when a specific trajectory has to be traced, but switches to open-loop 

mechanisms when sensory noise or feedback delays become large. In contrast to traditional 

open- and closed-loop systems, OFC does not only predict average behavior, but also provides 

an explanation for the variance of movement execution: According to the minimal intervention 

principle, deviations from a reference trajectory are not always corrected. If the movement 

deviated from the original path, it might be more optimal to follow a new trajectory than to 

return to the original one. Thus, only task-relevant deviations are corrected and the system 

allows for the accumulation of motor-related noise in task-irrelevant dimensions. 

 

1.2.2. Ideomotor theory 

Most information processing approaches assume that the sensory and motor systems are 

separated by a well-defined boundary, and the process leading from the perception of a stimulus 

28



to performing an adequate motor response can be defined as a cascade of distinct steps, 

performed by specific cognitive sub-systems. The ideomotor theory (Greenwald, 1970; Prinz, 

1987), however, presumes a much closer, automatic link between sensory and motor events. It 

suggests that actions are represented by the codes of their sensory effects, and activation of such 

sensory codes automatically leads to activation of the related motor patterns. In other terms, 

actions are initiated by the anticipation (e.g., imagining, perceiving) of their sensory 

consequences. This relationship between action and perception is supported by a vast amount 

of experimental evidence (for a review see: Shin, Proctor, & Capaldi, 2010). For example, 

Elsner and Hommel (2001) asked participants to perform left and right keypresses. The two 

actions were associated with different sounds (high and low pitch). In the test phase, the 

participants had to perform keypresses in response to these high- and low-pitch tones. When 

the mapping between a stimulus and a response in the test phase was compatible with the action-

effect mapping encountered in the the acquisition phase, participants’ reaction times were faster 

than when there was incompatibility between the mappings in the acquisition and the test 

phases. Furthermore, when participants were instructed to freely choose the key in response to 

the tones, they chose the mapping compatible with the acquisition phase significantly more 

often than the incompatible stimulus-response mapping. These results indicate that a 

bidirectional link between motor and sensory events is established when learning action-effect 

associations, and later this link can play a central role in the initiation of the actions. The idea 

is also supported by neuroimaging studies that show an activation of brain areas involved in the 

planning of endogenously controlled (i.e., not stimulus triggered) motor events, when presented 

with previously learned action-effects (Elsner et al., 2002; Melcher, Weidema, Eenshuistra, 

Hommel, & Gruber, 2008). Another finding that is often cited in support of the ideomotor 

theory is the influence of the compatibility between action features and stimulus features on 

response selection: Participants perform keypresses faster if features of the action correspond 
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to the features of the sensory effects elicited by the actions. Such relationship has been observed 

between several feature dimensions, for example, between action force and stimulus intensity 

(Kunde, Koch, & Hoffmann, 2004), spatial position of the action and the stimulus (Kunde, 

2001), and temporal characteristics of the movement and its effect (Kunde, 2003). 

As discussed in previous sections, most motor control approaches focus on the 

utilization of internal action effects. In contrast, studies inspired by the ideomotor framework 

also put a strong emphasis on the role of external action consequences (e.g., sounds or light 

flashes elicited by button-presses). Usually, multiple sensory effects are associated with a 

movement. For example, if a piano key is pressed down, beside eliciting a tone, touching the 

key will also result in a tactile stimulus, and the movement of the finger is associated with 

proprioceptive stimulation, and with changes in the visual image. The sensory representation 

of the action can be dominated by any of these effects. To demonstrate this claim, Hommel 

(1993) showed that the Simon-effect, which is based on the spatial compatibility of the stimulus 

and the response13, can be inverted by instructing participants to focus on visual action-effects 

that are elicited on the side opposite to the button-presses. These results support the idea that 

the instructions given to the participants (i.e., to focus on proximal or on distal effects) and the 

intentions of the agent can influence the weight of individual action-effects in sensorimotor 

representations (intentional weighting principle: Memelink & Hommel, 2005, 2006). However, 

while the relevance of sensory action consequences might be context-specific, several studies 

indicate that action control is usually dominated by distal stimuli if the weighting of the action 

effects is not specified by the task (Kunde et al., 2007; Ladwig et al., 2012; Rock & Harris, 

1967).  

 
13 In the Simon-task (Hedge & Marsh, 1975; Simon & Small, 1969), participants are asked to react to non-spatial 
stimulus features (e.g., color of a circle) by pressing buttons on the left and right side. The assignment between 
stimuli and actions is arbitrary. The stimuli can appear on either side of the screen, but their location is not relevant 
with regard to the participants’ response. However, the results still show a spatial compatibility effect: Responses 
are faster if the stimulus and the corresponding button are on the same side, than in those cases when the action 
has to be executed on the side opposite to the location of the stimulus.  
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The theory of event coding (TEC; Hommel, Müsseler, Aschersleben, & Prinz, 2001) 

draws on the ideomotor principle to suggest a unified theory for perception and action. This 

approach rejects the clear separation of motor and sensory systems, and posits that—at least 

outside the laboratory—perception is always an experience related to performing an action 

(Hommel, 2009). Action and perception should be regarded as being mutually coordinated, 

rather than causally related (Dewey, 1896). The theory relies on the idea that cognitive 

representations consist of feature codes. It also embraces a common coding approach (Prinz, 

1990) and suggests that these feature codes represent both sensory events and actions that can 

elicit these stimuli. Feature codes that are activated concurrently or one after another within a 

short time-window are bound into event files. On the behavioral level, this is reflected in the 

formation of stimulus-response or action-effect associations. When one node of the event file 

is activated, the activation spreads to the whole network. This spreading of activation across all 

elements of an event file would explain the central idea of the ideomotor framework, that is, 

the selection and initiation of motor processes via their sensory consequences.  

TEC (and the ideomotor approach in general) focuses on the selection and planning 

aspects of action control, and online adjustment processes are pushed to the background. This 

emphasis on feedforward, anticipatory aspects of action control might be the reason why 

ideomotor research primarily utilizes paradigms with ballistic actions. However, in contrast to 

the open-loop concept, TEC does not presume that such pre-movement planning can adequately 

specify all parameters of the actions. Instead, Hommel (2010) proposed a two-step model: 

General parameters of the movement that are necessary for reaching a goal, regardless of the 

context, are activated by the effect-anticipatory mechanisms described above. This feedforward 

process is implemented in the ventral pathway. Non-essential parameters, on the other hand, 

which are responsible for the fine-tuning of actions and which specify the context-dependent 

trajectory of the movement, are filled in during action execution. According to the theory of 
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event coding, online parameter specification is managed by lower-level sensorimotor channels, 

and the dorsal pathway might be responsible for this process. 

Although the ideomotor theory emphasizes the goal aspect of sensory action-effects, 

Hommel (2009) pointed out that elicited stimuli also provide feedback about the success of the 

actions. This explains why ERPs indicating prediction failure (increased P3, feedback-related 

negativity) are elicited by low-probability action-effects: Feedback indicating success might 

contribute to the strengthening of the action-effect association, while the unexpected absence 

of such confirmatory effects can result in reduced associative strength. These changes in action-

effect links could influence the efficiency of effect-related control processes for subsequent 

actions. 

 

1.2.3. Motor utilization of auditory stimuli in the auditory ERP attenuation 

paradigm  

As described in the first section of the Introduction, how the perceptual processing of 

self-generated sensory events is influenced by motor processes has been studied extensively. 

Such studies focus on the perception side of the action-perception interactions: They assume 

that perceptual processes are affected by information transmitted from the motor system via 

forward models. However, they disregard the possibility of information flow in the opposite 

direction: Within the action-related ERP attenuation framework, it is not discussed how 

participants use the auditory information provided by the action effects. Most explanations 

suggest that self-generated stimuli produced in the context of such paradigms are irrelevant side 

effects of the actions (Horváth, 2015).  

This approach neglects an important aspect of action-effect relationships: As shown in 

the previous sections, sensory effects can play an important role in motor control processes. 

This is more evident in the case of actions with online feedback, where the deviation between 
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the intended and actual outcome of the actions (i.e., the prediction error) can induce immediate 

adjustment of a movement. For example, if somebody starts a car and the engine gives a loud, 

roaring sound, they immediately reduce the pressure on the gas pedal. In the case of the ERP 

attenuation paradigm, the motor control function of auditory action-effects is less obvious. In 

light of the previously introduced action control theories the following factors might justify the 

common approach of disregarding the possible motor role of auditory action effects: 

(1) In the previous example an external action effect (i.e., sound of the engine) is 

used for controlling the movement, but this cannot be regarded as the generic case. Although 

most motor theories attribute an important role to sensory effects in motor control, they usually 

focus on the utilization of internal effects (Gomi, 2008; Sainburg, Ghilardi, Poizner, & Ghez, 

1995). This is reasonable as these effects (especially proximal ones) provide information that 

is consistently available during movement, while external effects might change from context to 

context. As the connection between movements and external effects must be established in each 

new context, in these cases there might be a strong interaction between motor control and 

associative learning processes. On similar grounds, Schröger et al. (2015) made a distinction 

between ERP attenuation studies using self-generated speech and ERP attenuation studies using 

manual actions. While they consider the former a topic related to motor control, the latter is 

assigned to the field of associative learning. Such distinction might explain why motor control 

processes are usually not considered in those action-related ERP attenuation studies which 

involve sounds generated by button presses or finger tapping. 

(2)  In the case of slow, controlled movements, the role of online sensory feedback 

seems obvious (Ladwig et al., 2012; Sarlegna & Mutha, 2014; Scott et al., 2015). But it is much 

less evident when quick, ballistic actions are executed. These are so fast that utilization of online 

feedback mechanisms is not feasible (Chernikoff & Taylor, 1952; Lashey, 1951; Schmidt & 
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Wrisberg, 2000). If feedback plays a role in the optimization of such actions, adjustments are 

likely executed “offline”. 

(3) As stated previously (see 1.2.1.1.), open-loop approaches can provide a good 

explanation for the control of well-established, stereotypical movement patterns. These might 

be overlearned to such a degree that under normal circumstances they can be executed without 

supervision by sensory feedback mechanisms. Tone-eliciting actions that are used in the action-

related ERP attenuation paradigm, like button- or keypresses and finger tapping, can be 

regarded as such automatized movements. Thus, their control might not rely on sensory 

information. Furthermore, in studies investigating self-generated sounds, participants do not 

consider eliciting the tones as the primary task. Usually they are also given additional 

assignments, like producing action-effect intervals with a predetermined distribution, counting 

the stimuli or regonizing deviant events. Cognitive resources might be allocated to these more 

challenging tasks, further increasing the automaticity of the tone-eliciting actions.  

 (4) In the ERP attenuation paradigm, manually elicited stimuli typically provide 

very limited information about the actions. When auditory action effects are dependent on a 

mechanical contact between the agent and its material environment (e.g., knocking on 

something or scratching on a surface, eliciting sounds by footsteps, playing an acoustic 

instrument), features of the sound can reflect various physical parameters of the movement. For 

example, duration and intensity of the sound are usually closely linked to the duration and 

intensity of the action. In the case of the ERP attenuation paradigm—where participants interact 

with digital devices—such “analog” action-effect links are absent. Physical parameters of the 

sound are constant. The only feedback the stimuli can provide about the tone-eliciting actions 

is whether the action was successfully executed. As motor control theories usually focus on 

feedback that provides richer information, it is questionable whether such limited information 

can be utilized by the motor system in controlling the actions. 
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This long list suggests that there is a strong motive for disregarding the motor role of 

self-induced sounds in action-related auditory ERP attenuation studies. However, while 

“online” motor adjustments are indeed unrealistic in the case of ballistic actions, external 

sensory effects might still affect actions in an “offline” manner, via intermittent (i.e., 

adjustments in the rest phase between movements) or predictive control mechanisms (i.e., 

influence of the expected sensory outcome on the planning and execution of the action). 

 

1.2.3. Augmented feedback 

As the last part of the Introduction, a brief review of research on augmented feedback is 

presented14. Although these studies  cannot be assigned to a specific theory of motor control or 

motor learning, they are relevant for the topics presented in the thesis, since studies about the 

utilization of sensory feedback in sports and rehabilitation also investigate how external sensory 

effects modify the execution and learning of motor patterns. In contrast to the predominantly 

theoretical approach of the current thesis, they do this with the goal of designing systems that 

can increase the efficiency of motor learning for athletes or for patients suffering from various 

motor disorders. Beside simply exploring the effects of sensory feedback on the execution of 

actions, augmented feedback studies also investigate how changing the parameters of feedback 

can affect the contribution of sensory information to the control of the actions. This question 

also constitutes the central topic in the second half of my thesis.  

Augmented feedback refers to information about action execution that is provided by an 

external source (Schmidt & Wrisberg, 2008), for example by a computer, or by a human 

observer (e.g., a trainer). According to this definition, self-induced stimuli produced in 

interaction with a computer or by playing a musical instrument can also be regarded as specific 

 
14 This review only focuses on aspects of augmented feedback research that are relevant in regard to the questions 
discussed in the thesis. For an extensive review on augmented feedback in various modalities, see Sigrist, Rauter, 
Riener, & Wolf (2012), for a review focused on the role of auditory feedback in sports and rehabilitation, see 
Schaffert, Janzen, Mattes, & Thaut (2019). 
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cases of augmented feedback (although the term is usually used to refer to externally generated 

action-effects in sports and rehabilitation). Verbal information is the most common type of 

augmented feedback (e.g., a football coach shouting to the players when they make a mistake), 

but lately there has been an increase in the utilization of devices that provide non-verbal 

information about the execution of the movements.  

Based on the informative value of the stimuli, augmented feedback studies can be 

separated into two groups. The first approach relies on mapping various parameters of the action 

to different properties of a stimulus that is presented concurrently with the movement. 

Movement sonification studies provide a good example for this approach. In this case, 

movement parameters are mapped to the acoustic features of an auditory stimulus. For example, 

the velocity of the movement is often mapped onto tone pitch, the timing of the movements 

might be indicated by the rhythmic patterning of sounds, and key events in a movement can be 

marked by volume changes (Sigrist, Rauter, Riener, & Wolf, 2012). Movement sonification has 

resulted in substantial improvements in a large number of sports, for example in crawl 

swimming (Chollet, Madani, & Micallef, 1992; Chollet, Micallef, & Rabischong, 1988), in 

rowing (Schaffert & Mattes, 2011; Schaffert, Mattes, & Effenberg, 2010) or in weightlifting 

(Murgia et al., 2012). Sonification has also been successfully applied in rehabilitation: For 

example, the walking ability of Parkinson’s patients (Gorgas et al., 2017), and upper limb 

movements after stroke (Wallis et al., 2007) were improved by the use of real-time sonification 

of actions. In such studies, the amount of information that the stimulus provides about the action 

is an important aspect of feedback design. Interestingly, simplified, abstract information that 

focuses on the relevant aspects of the movement is often regarded as more useful than complex 

or realistic feedback (Huegel, Celik, Israr, & O’Malley, 2009). For example, in the case of 

visual feedback, reducing the number of movement parameters mapped to the feedback 

stimulus (Eaves, Breslin, van Schaik, Robinson, & Spears, 2011), or reducing the visibility of 
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visual feedback (Robin, Toussaint, Blandin, & Proteau, 2005) has improved the acquisition and 

long-term retention of motor patterns. 

The second approach is based on reducing the information content of the feedback 

stimulus to a binary value. In this case, feedback only signals whether the execution of the 

movement was correct or not. For example, auditory alarms inform the participant that the 

movement deviated from a predefined ideal path. This method has also been successfully 

applied in rehabilitation (Petrofsky, 2001), as well as in sports (Baudry, Leroy, Thouvarecq, & 

Chollet, 2006; Clarkson, Robert, Watkins & Foley, 1986). This second, binary approach has 

similarities with generating self-induced sounds in the auditory ERP attenuation paradigm. 

Self-induced sounds also only inform the participant about the success of the action, and they 

do not provide information about more complex parameters of the movement. Given the fact 

that auditory alarms can successfully contribute to the optimization and acquisition of motor 

patterns, similar effects might also be expected for tone-inducing actions in the action-related 

ERP attenuation paradigm. However, it is important to note that in contrast to auditory alarms, 

self-induced sounds do not signal errors: they provide reinforcement for correct the execution 

of the action.  

Research also examines various factors that influence the efficiency of feedback. A 

relevant factor is the timing of the stimulus. Information might be delivered concurrently with 

the action, or immediately following the action. In some cases, however, feedback about action 

execution is only presented after a considerable delay. The effects of feedback delay are 

different with regard to performance and learning: While performance benefits from concurrent 

feedback, these benefits disappear if feedback is removed (Schmidt & Wulf, 1997). Long-term 

retention seems more effective when learning is conducted with delayed feedback (Swinnen, 

Schmidt, Nicholson, & Shapiro, 1990). The influence of different feedback-schedules has been 

also extensively examined. Results indicate similar tendencies as in the case of feedback delays: 

37



Frequent feedback yields good performance, but agents quickly regress to baseline performance 

levels when external feedback is eliminated. On the other hand, movement optimization might 

be less effective when the frequency of feedback is reduced, but the long-term effects are more 

pronounced (Cromwell & Davis, 2011; Salmoni, Schmidt, & Walter, 1984). To harness the 

strength of both approaches, several studies apply adaptive feedback schedules (Huegel & 

O’Malley, 2010). This method is based on adjusting the frequency of feedback according to the 

agents’ performance. It is important to note that ideal feedback design might depend on 

movement complexity. While for simple movements, long-term learning is supported by 

delayed and infrequent feedback, concurrent, high-frequency feedback might be more adequate 

in the case of complex actions (Marschall, Bund, & Wiemeyer, 2007; Wulf & Shea, 2002). 

Compared to research about the motor utilization of action-effects in paradigms with 

self-induced stimuli, as well as to research about playing musical instruments, augmented 

feedback studies place a much stronger emphasis on learning the movement itself. Although 

performance during action execution with external feedback is also often measured, feedback 

is usually only considered effective if movement patterns can be retained after the removal of 

external feedback. The guidance hypothesis (Schmidt, Young, Swinnen, & Shapiro, 1989) 

states that participants rely strongly on augmented feedback if this provides fast and reliable 

information about the actions, and, as a consequence, participants do not learn the utilization of 

internal effects. Thus, feedback designs that provide high-quality information (e.g., realistic 

visual feedback, immediate feedback), are often considered detrimental to long-term motor 

learning. Self-induced stimulus studies, on the other hand, focus on the role of action-effects in 

controlling the movements. In contrast to augmented feedback studies, in this line of research, 

reliance on external feedback is not considered negative, as the goal of such studies is to explore 

how action-effects are integrated into the control of movements. 
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2. Synopsis and rationale of the theses 

The action-related auditory ERP attenuation paradigm is often utilized in studies that 

investigate how actions can modulate the processing of auditory stimuli. However, research 

utilizing this method tends to neglect the possibility of a reverse effect: It is presumed that 

sounds generated by ballistic movements, like pressing a button, or tapping with the fingers are 

not utilized in the control of the tone-eliciting actions. That is, tones generated by participants 

in the action-related auditory ERP attenuation paradigm are regarded as irrelevant side-effects 

of the actions. Previous research on the control of ballistic movements does not reveal 

unequivocally whether this assumption is valid: Control theories that integrate sensory feedback 

mechanisms and ones that assume that actions are executed without relying on perceptual 

information have both been applied to explain the planning and execution of this movement 

type. 

The main goal of the thesis was to examine within the context of the auditory ERP 

attenuation paradigm, whether auditory stimuli elicited by ballistic actions are of relevance to 

motor control processes. Furthermore, the thesis explored how different parameters of the 

action-effect relationship, like contingency and contiguity, influence the action relevance of the 

auditory stimuli. Usually, in auditory ERP attenuation paradigms, common input devices like 

buttons or keyboards are used. In the studies presented in the thesis, auditory stimuli were 

generated by interacting with a force sensitive resistor. This enabled us to record the physical 

parameters of the tone-eliciting actions. Focusing on the force of tone eliciting movements, it 

was explored how the execution of sequential ballistic actions (Figure 3) is influenced by their 

consequent auditory effects, and how such effect-based motor control processes might influence 

the conclusions drawn from action-related ERP attenuation studies. 
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Figure 3. The two tasks that were used for studying the influence of sensory effects on motor control processes. 

In Studies 2, 3 and 4 this paradigm was modified slightly: In Study 2, various actions were used for interactions 

with the FSR. In Study 3, the presentation of auditory effects was delayed. In Study 4, externally initiated tones 

were intermixed in the motor-auditory condition with the self-inducfed ones. 

 

In Study 1, participants were administered a standard ERP attenuation paradigm, and 

physical parameters of the actions were co-recorded with the EEG signal. The goal of the study 

was to examine whether actions are indeed executed in the same way when they elicit tones and 

when they do not result in external auditory effects. Furthermore, we explored how effect-based 

motor-control processes might bias the interpretation of the action-related auditory ERP 

attenuation effect. In Study 2, the FSR was attached to conventional input devices to examine 

if the effect-based motor control processes observed in Study 1 can be generalized to a wider 

range of ballistic actions. Study 3 explored the temporal constraints of action-effect-related 
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motor adaptation (i.e., the utilization of auditory action-effects for optimizing ballistic actions). 

Finally, in Study 4, action-effect contingency was manipulated while participants performed 

tone-eliciting actions. The study investigated how action-effect-related motor adaptation is 

affected by changes in the auditory context. 

 

Table 1. Overview of the studies reported in the thesis 
  Experimental 

paradigm Central issue Method Results 

Study 1 ----- 

ERP 
attenuation 

Force 
optimization 

Recording of 
action parameters 
during the ERP 

attenuation 
paradigm 

Co-recording ERPs and 
action parameters 

Force optimization 
for ballistic actions 
in ERP attenuation 

experiments 

Study 2 
Exp.1 Force 

optimization 

Force optimization 
with different 
action types 

Various 
action 
types 

pinch Force optimization 
with all 3 action types Exp.2 button-press 

Exp.3 finger tap 

Study 3 

Exp.1 

Force 
optimization 

Influence of action 
effect delay on 

force-optimization 

Delays: 0-1600 ms  Time window (ca.200 
ms) of force 
optimization Exp.2 Delays: 0-400 ms 

Exp.3 
Influence of 

experience on 
force optimization 

Group adapted to long 
delays 

vs. 
Group adapted to short 

delays 

Better optimization at 
intermediate delays 
after adaptation to 

long delays 

Study 4 
Exp.1 Force 

optimization 

Effects of auditory 
context on force 

optimization 

Reduced action-effect 
contingency 

Weak influence of 
context 

Exp.2 Strong influence of 
context 

 

 

2.1. Thesis 1: Exploring the role of auditory action-effects in the control of 

ballistic actions: Action-effect-related motor adaptation 

In studies examining the influence of actions on the processing of auditory stimuli, 

participants are often required to elicit tones by quick, ballistic movements. Such studies are 

usually based on the assumption that actions are invariable regardless of their sensory 

consequences. This assumption was put to the test by co-recording the physical parameters of 

the actions with the EEG signal in a standard action-related auditory ERP attenuation 
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experiment. To assess the role of auditory effects in motor control processes, forces applied in 

tone-eliciting and silent actions were compared to each other. Pre- and post-action motor ERPs 

were also examined to assess effect-based differences in the brain signal reflections of the 

actions, and to explore if they could bias the interpretation of the action-related ERP attenuation 

effect. We observed that actions that elicited auditory effects were executed with smaller force 

than silent interactions with the device, suggesting that participants used the auditory stimuli to 

optimize the tone-eliciting actions. Differences that might be related to the motor utilization of 

action-effects were found in movement-related potentials both before and after the start of 

action initiation. A force-related effect in the time range of the N1 attenuation effect suggested 

that effect-based motor control processes might contribute to the action-related ERP attenuation 

effect. 

 

2.2. Thesis 2: Action-effect-related motor adaptation in interactions with 

everyday devices 

According to the first study, actions with distinctive auditory effects are executed with 

smaller force than silent interactions with the same device. These results indicate that changing 

the set of effects associated with a motor act might directly influence action planning and 

control. In the second study, we examined whether this observation can be generalized to a 

wider range of ballistic actions. In three experiments, participants executed different action 

types that are often used in interactions with everyday devices: pinches, button presses, and 

finger taps. In each experiment, actions were executed both with and without external auditory 

effects, and the forces and force-peak-latencies of tone-eliciting and silent interactions were 

compared with each other. Compared to actions without auditory effects tone-eliciting actions 

were executed with smaller force application regardless of the action type. This suggests an 
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action-effect-related motor adaptation process that can be generalized to a wider range of 

ballistic actions. 

 

2.3. Thesis 3: Temporal constraints of action-effect-related motor adaptation 

The first two studies indicated that external auditory effects can be used as feedback to 

optimize the force of tone-eliciting actions. In the third study, the temporal constraints of this 

action-effect-related motor adaptation were explored. Participants elicited pure tones by 

pinching an FSR. The delay between the action and the elicited auditory effect was manipulated 

in a block-wise manner. In two experiments, the 0-1600-ms time range was explored. Forces 

of the tone eliciting actions were recorded in all conditions. Action-effect-related motor 

adaptation could only be observed with relatively short (max. 200-ms) action effect delays. This 

temporal constraint suggests that force optimization is not a strategic process, and it possibly 

relies on an automatic action-effect integration mechanism. 

In a third experiment, we explored how initial experience with an action-effect 

relationship influences later interactions. Two groups of participants had to elicit tones in a 

similar way as in the first two experiments. The first group was adapted to long action-effect 

delays (400 ms) in a 9-minute initial practice phase, while the second group was adapted to 

immediate action-effects. In the subsequent test phase, both groups executed actions that were 

followed by auditory effects with an intermediate delay (200 ms). Force optimization during 

the test phase was more pronounced in the group adapted to long delays, suggesting that the 

temporal constraints of action-effect-related motor adaptation were not absolute, they could be 

modified by prior experience. 
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2.4. Thesis 4: The influence of auditory context on action-effect-related motor 

adaptation  

Finally, two experiments explored how action-effect-related motor adaptation is 

affected by changes in the auditory environment. Participants elicited tones by pinching an FSR. 

In some blocks (self-induced condition), auditory effects were contingent on the actions. That 

is, sounds could only be initiated by the participants’ actions. In other blocks (mixed condition), 

action-effect contingency was reduced by intermixing computer-initiated sounds with the self-

induced ones. In the first experiment, computer-initiated sounds always had the same acoustic 

features as the self-induced stimuli. In Experiment 2, the frequency of the computer-initiated 

sounds was manipulated in a block-wise manner to control for attentional factors. The pitch of 

computer-initiated and self-induced tones was identical in some blocks, while easily 

distinguishable in others. Action forces were significantly larger in conditions where externally-

initiated sounds were intermixed with the self-induced ones. This effect of external sounds was 

more pronounced when self- and computer-initiated tones were characterized by identical 

acoustic features. The results suggest that even if the physical action-effect connection remains 

intact, context-induced degradation of feedback quality can affect the utilization of effect-based 

motor control processes. 
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3. Studies 

3.1. Study 1: Exploring the role of auditory action-effects in the control of 

ballistic actions: Action-effect-related motor adaptation 

Neszmélyi, B., Horváth, J. (2017). Consequences matter: self-induced tones are used as 

feedback to optimize tone-eliciting actions. Psychophysiology 54(6), 904-915. 

http://dx.doi.org/10.1111/psyp.12845 
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Consequences matter: Self-induced tones are used

as feedback to optimize tone-eliciting actions

BENCE NESZM�ELYIa,b AND J�ANOS HORV�ATHa

aInstitute of Cognitive Neuroscience and Psychology, Research Centre for Natural Sciences, Hungarian Academy of Sciences, Budapest, Hungary
bDepartment of Cognitive Science, Budapest University of Technology and Economics, Budapest, Hungary

Abstract

Experimental paradigms investigating the processing of self-induced stimuli are often based on the implicit

assumption that motor processes are invariable regardless of their consequences: It is presumed that actions with

different sets of predictable sensory consequences do not differ in their physical characteristics or in their brain signal

reflections. The present experiment explored this assumption in the context of action-related auditory attenuation by

comparing actions (pinches) with and without auditory consequences. The results show that motor processes are not

invariable: Pinches eliciting a tone were softer than pinches without auditory effects. This indicates that self-induced

auditory stimuli are not perceived as irrelevant side effects: The tones are used as feedback to optimize the tone-

eliciting actions. The comparison of ERPs related to actions with different physical parameters (strong and soft

pinches) revealed a significant ERP difference in the time range of the action-related N1 attenuation (strong pinches

resulted in more negative amplitudes), suggesting that a motor correction bias may contribute to this auditory ERP

attenuation effect, which is usually attributed to action-related predictive processes.

Descriptors: Hearing, Voluntary action, Sensory attenuation, Sensory feedback, Motor control, ERP

Interactions between sensory and motor systems are often investi-

gated in paradigms that attempt to decompose processing changes

into sensory- and motor-related effects. The interaction between

the two systems can be examined from various perspectives. Some

studies explore how movements are affected by sensory stimuli

that are causes (Cisek & Kalaska, 2005; Eimer, Hommel, & Prinz,

1995; Green & von Gierke, 1984) or goals (Hommel, 2009; Prinz,

1987) of the actions. Another line of research, however, is oblivi-

ous to stimulus-related variability in motor processes—considering

motor processes invariable regardless of their sensory conse-

quences—and instead focuses on how the processing of self-

induced sensory events is influenced by the actions that elicit them.

At first glance, this approach seems plausible: Actions precede

their sensory consequences, so motor processes may influence the

processing of subsequent sensory events, but it would appear

unreasonable that the sensory consequence could affect the elicit-

ing movement. In this context, self-generated stimuli are simply

interpreted as irrelevant side effects of the actions. This reasoning,

however, disregards two important aspects of action-stimulus rela-

tionships. First, actions are usually performed more than once, and

although retrospective processes cannot influence actions that

precede them, they may affect similar actions that are performed

subsequently. Focusing exclusively on the predictive aspect

neglects the fact that the stimulus also contains information about

the action: Even in the most simple action-effect relation, the stim-

ulus informs the agent that the action was successful. If actions are

repeated in a sequential manner, such retrospective information

could play an important role in controlling the movements. As a

consequence, the presence or absence of reliable action feedback

may affect how actions are planned and executed. Second, many

theories (Hommel, 2009; Hommel, M€usseler, Aschersleben, &

Prinz, 2001; Prinz, 1990; van der Wel, Sebanz, & Knoblich, 2013)

would argue for an even stronger link between motor and sensory

processes, implying that neither one can be altered without also

affecting the other. The theories based on the ideomotor principle

(Greenwald, 1970; Hommel et al., 2001; Prinz, 1987), for example,

regard self-generated stimuli not simply as consequences but also

as goals of the actions. As the goals play an important role in the

selection of appropriate motor commands, the addition or elimina-

tion of an action effect may have considerable influence on the

motor parameters as well.

Disregarding potential stimulus-to-action effects not only lim-

its the scope of research, but it could also bias the estimation of

sensory effects that are generally attributed to predictive process-

es. Research investigating the processing of self-induced sounds

is a typical example of focusing exclusively on the perceptual

aspect of motor-sensory interactions. Studies on this topic often

compare behavioral responses or physiological signals related to

stimuli that are physically identical but are initiated by one’s own
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actions, or by external agents; signal differences in such arrange-

ments are attributed to action-related processing activities. When

decomposing a physiological signal related to a compound action-

stimulus event (e.g., a button press followed by a sound), the

stimulus-related contribution to this signal is often estimated by

subtracting a signal related to an action-only event (e.g., a button

press not followed by a sound). The assumption underlying the

subtraction logic is that the action—and its contribution to the

physiological signal—is identical in these two types of events.

Whereas this assumption is valid if compound action-stimulus

events occur only by chance (e.g., Horv�ath, Maess, Baess, &

T�oth, 2012), it might be invalid if there is a contingent relation-

ship between the actions and the stimuli. The goal of the present

study was to test the validity of this assumption in the context of

action-related auditory attenuation; that is, we investigated wheth-

er movement parameters differed when an action consistently eli-

cited a sound, and when it did not.

Action-related sensory attenuation refers to the phenomenon

that self-induced stimuli elicit lower intensity sensory percepts or

physiological responses than those induced by external sources

despite being physically identical (Bays, Wolpert, & Flanagan,

2005; Blakemore, Wolpert, & Firth, 1998; Cardoso-Leite, Mamas-

sian, Sch€utz-Bosbach, & Waszak, 2010; Hughes & Waszak, 2011;

Sato, 2008; Weiss, Herwig, & Sch€utz-Bosbach, 2011). In the audi-

tory domain, a number of studies reported that sounds initiated by

one’s own actions elicit lower amplitude ERPs than those initiated

by other agents (Baess, Horv�ath, Jacobsen, & Schr€oger, 2011;

Baess, Jacobsen, & Schr€oger, 2008; Baess, Widmann, Roye,

Schr€oger, & Jacobsen., 2009; Horv�ath, 2013a,b; Martikainen,

Kaneko, & Hari, 2005; SanMiguel, Todd, & Schr€oger, 2013;

Sch€afer & Marcus, 1973; Timm, SanMiguel, Saupe, & Schr€oger,
2013; Timm, Sch€onwiesner, Schr€oger, & SanMiguel, 2016).

Because the actions elicit ERPs overlapping the auditory ERPs,

most studies estimate the auditory ERP contribution to the action-

sound ERP waveform by subtracting an action-related ERP elicited

in a different condition in which the actions do not result in sound

elicitation. This corrected ERP waveform is then compared to the

auditory ERP measured when the sequence of sounds is replayed

without concurrent actions. If actions and action-related ERPs dif-

fered between conditions, this might be reflected in the corrected

ERP waveform; that is, the estimate will be biased.

In the present experiment, a conventional action-related audito-

ry ERP attenuation paradigm was administered; however, partici-

pants were instructed to apply force impulses on a force-sensitive

resistor (FSR) instead of pressing a button. The FSR’s resistance

changes with the force applied to it, which made it possible to use

it both as an input device and as an instrument to record physical

parameters of the actions. By corecording the FSR signal with the

EEG, the temporal characteristics of force application could be

measured in the two conditions in which actions were required

from participants: in the motor-auditory condition, when the

applied force exceeded a threshold, a tone was triggered; in the

motor condition, force application did not result in a tone. The goal

of the experiment was to compare physical action parameters in

these two conditions to determine whether motor processes are

indeed unaffected by changes in their sensory consequences.

Method

Participants

Twenty young adult volunteers recruited through a student part-

time job agency participated in the experiment for monetary

compensation. They gave written informed consent after the exper-

imental procedures were explained to them. Data from four partici-

pants were not included in the analysis due to exceeding number of

artifacts in the EEG recordings, which resulted in the rejection of

more than 50% of the ERP epochs from the analyses. The final

sample consisted of 16 participants (aged 19–27 years, M5 22.8

years, 6 women, all right-handed). All reported normal hearing and

no history of psychological or neurological disorders.

Stimuli and Procedure

During the experiment, participants were seated in an armchair in a

sound-proofed room.

As the goal of the experiment was to study the effect of auditory

stimuli on the actions that generate them, participants had to per-

form self-induced movements, which elicited a tone (motor-audito-

ry condition) or did not result in auditory consequences (motor

condition). To emphasize the intentional aspect of the actions,

instead of asking them to execute evenly paced actions, participants

were instructed to perform self-paced actions so that the interval

between them was never shorter than 2 s or longer than 6 s. To

keep the task challenging, they were also asked to distribute actions

during the blocks in a way that the histogram of the between-action

intervals (displayed at the end of each block) would show a uni-

form distribution between 2 and 6 s. In most similar experiments,

the action is a button press. Most conventional response devices

produce a well-identifiable sound (click) when the device is operat-

ed. The presence of such sounds could bias action-related sensory

attenuation estimates in various ways (Horv�ath, 2014). For exam-

ple, changes in the processing of the action-coupled, experimental-

ly manipulated sensory consequences (sounds or visual stimuli

elicited by the actions) could be simply caused by attention being

oriented to the clicks, resulting in reduced attention and consequen-

tially attenuated ERPs for the experimentally relevant action-

coupled self-induced stimuli. To avoid such issues, it is recom-

mended to use devices that do not produce transient sounds or even

devices that require no mechanical interaction at all (e.g., a light

gate). To avoid the effect of clicks (while also making possible the

recording of the physical parameters of the actions), in the present

experiment participants were instructed to pinch an FSR (FSR 400,

Interlink Electronics, Westlake Village, CA) mounted on a plastic

sheet held between the index finger and the thumb. This paper-thin

(0.3 mm) device changes its resistance (without substantially

changing its form) when pressure is applied to it. In the present set-

up, when the resulting voltage change exceeded a preset threshold

(1.25 V corresponding to a force-equivalent measure of 3.603 a.u.

(arbitrary units; see Pinch-Force Analysis for an explanation); the

maximum voltage was 4.3 V, corresponding to 819.308 a.u.), the

action was considered successful, and in the motor-auditory condi-

tion a sine tone was triggered. (In the motor condition, the applied

force and the timing of the actions were recorded, but actions did

not elicit a tone.) The FSR produced no unintended action feed-

back—as pinches did not result in substantial movement, they did

not produce audible sounds in themselves, and the success of the

action was not signaled by a distinct external tactile event.

Sound levels in the experiment were adjusted individually, so

the experiment started with determining the participants’ 75% hear-

ing threshold for 1000-Hz tones, using an adaptive procedure

(Kaernbach, 1990). Next, to familiarize themselves with the device

and the task, participants completed a three-step training phase.

First, they were familiarized with the necessary force needed to

produce a successful interaction with the device by freely
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interacting with a real-time visual display of the FSR signal, in the

form of a blue vertical bar that changed its height in proportion to

the FSR signal. When the FSR signal was above the fixed action

threshold, the color of the bar changed to green. In order to keep

the applied force within the measurement range of the FSR, if a

second higher threshold (3.75 V, 307.939 a.u.) was exceeded, the

bar color changed to red. Participants were made aware of these

possibilities, and were instructed to explore the pinch force needed

to produce these color changes. Second, participants learned the

time-interval production task with online visual feedback: a histo-

gram of the between-action intervals was presented on the screen,

and was updated after each action. In the motor practice block,

pinching the FSR resulted in no sound; in the motor-auditory prac-

tice block, pinching the FSR resulted in a 1000-Hz sine tone (see

below.) Third, participants were administered short versions (30 tri-

als) of the motor and motor-auditory experimental blocks. In these

practice blocks, the histogram of the produced between-action

intervals was only displayed at the end of the blocks.

After the training phase, the electrode cap was mounted, and

the experiment started. The experiment comprised three conditions,

the motor-auditory, the motor, and the auditory conditions. In the

motor-auditory condition, participants had to perform the time-

interval production task in the 2–6 s time range. Pinching the FSR

with sufficient force resulted in a 1000-Hz pure tone. The histo-

gram of the between-action intervals was displayed at the end of

the blocks. The timing of the tone sequence produced in the motor-

auditory condition was recorded, and replayed in the auditory con-

dition. In this condition, participants simply listened to the tones,

without performing actions (the FSR was set aside; i.e., they did

not hold the FSR in the auditory condition). To address the differ-

ences in motor activity between motor-auditory and auditory condi-

tions, a motor condition was also included. In this condition,

participants were instructed to perform the same time-interval dis-

tribution production task as in the motor-auditory condition, but

pinching the FSR did not result in a tone.

The experiment consisted of 15 blocks (5 blocks for each condi-

tion), with 60 (tone, action, or action-tone) events per block. The

conditions were presented in block triplets. The triplets always

started with a motor-auditory block, which was followed first by a

motor and then an auditory block for half of the participants, while

the other half performed the remaining two blocks in reverse order

(auditory first, then motor). The blocks were separated by short

breaks, with a longer break around the middle of the session as

needed. In this design, motor-auditory blocks always preceded the

motor and auditory blocks, which may bring sequence effects

about. To prevent this, for every participant, one block from each

condition was set aside. These blocks were chosen systematically

to ensure a balanced block order across participants for the remain-

ing blocks: Participants were divided into three groups of equal

size. Omitted from analysis were the first (motor-auditory) block

and the last two (auditory and motor) blocks of the experiment for

the first group, the first two blocks and the last block for the second

group, and the first three blocks for the third group. The blocks set

aside were used to inform the choice of the electrode and time win-

dows for the statistical tests to be applied to the rest of the data set

(i.e., these blocks were excluded from subsequent analyses).

The 1000-Hz pure tones (100-ms long, including 5-ms linear

rise and fall ramps) in the motor-auditory and auditory conditions

were delivered through headphones (HD-600, Sennheiser, Wede-

mark, Germany), with a tone intensity individually adjusted to 40

dB above the 75% hearing threshold level. Due to hardware limita-

tions, there was a 10-ms delay between the moment when the pinch

threshold was exceeded and the sound onset. In all three conditions,

continuous band-reject-filtered white noise was presented (Kaiser-

windowed finite impulse response, FIR, with cutoff frequencies of

600 and 1400 Hz, transition width of 3 Hz, and stop band attenua-

tion of 100 dB) in the headphones. The noise was used with the

intention to enable the separation of the supratemporal and

modality-nonspecific N1 subcomponents (see online supporting

information). The signal energy of the noise was 8 dB higher than

that of the tones. The 800-Hz reject bandwith is much wider than

the equivalent rectangular bandwidth of the auditory filter at 1000

Hz (which is about 133 Hz, Glasberg & Moore, 1990); that is, the

tone was clearly audible despite the presence of the noise.

EEG Preprocessing

The EEG and FSR signals were recorded by a SynAmps2 amplifier

(Compumedics Neuroscan, Victoria, Australia), with a sampling

rate of 1000 Hz (online low-pass filter at 200 Hz). The EEG was

recorded from 61 Ag/AgCl electrodes mounted on an elastic cap

according to the 10% system (Nuwer et al., 1998). The reference

electrode was positioned on the tip of the nose, the ground elec-

trode on the forehead. Additional electrodes were placed at the

mastoids. Horizontal electrooculogram (EOG) was recorded by

electrodes at the outer canthi of the two eyes in a bipolar setup,

while the vertical EOG was calculated offline as the difference

between the signal recorded at Fp1 and the electrode placed under

the left eye.

The EEG was filtered offline using a 30-Hz low-pass filter

(Kaiser-windowed FIR, beta: 5.52, 1,771 coefficients, stop-band

attenuation: min. 50 dB, transition bandwidth: 2 Hz). Epochs of

550 ms corresponding to actions, action-tone events, and tones

were extracted, including a 150-ms pre-event period. The epochs

were time-locked to the time point when the FSR signal exceeded

the threshold. (In the auditory condition, in which no actual actions

occurred, the timing of the actions previously recorded in the corre-

sponding motor-auditory condition served as reference points.) The

first and last trial of each block and epochs with voltages exceeding

100 lV at any channel were excluded from analysis. Occasionally,

small fluctuations in the FSR signal caused the registration of two

actions in rapid succession, as the FSR signal dropped below and

then exceeded the threshold. As only those events were included in

the analysis that followed the previous event within a 2–6 s interval

(as defined by the interval-production task), epochs related to such

double actions were automatically discarded. The remaining

epochs were averaged for each condition and participant, relative

to a 150-ms pre-event baseline.

For examining the readiness potentials (RPs) and lateralized

readiness potentials (LRPs), 800-ms long epochs (with 600-ms pre-

event and 200-ms postevent periods) were extracted. The epochs

were time-locked to the moment when the FSR signal exceeded the

threshold. Only epochs corresponding to actions separated by at

least 3 s from the preceding action were included. Epochs corre-

sponding to the first and last trial of each block and epochs with

signal ranges exceeding 100 lV at any channel were excluded

from the RP and LRP analyses.

ERP Analysis—N1 and P2 Attenuation

As described above, some of the experimental blocks (first or last

auditory block for each participant) were used only to inform the

electrode and time window choices for the ERP amplitude compar-

isons, but these were not included in the analyses themselves. N1
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and P2 peak latencies and the electrodes of the maximal signal

peak were identified in group average tone-related ERPs elicited in

these auditory blocks. Individual N1 and P2 amplitudes were calcu-

lated in the remaining blocks as signal averages in 20-ms windows

centered at these time points, at these electrodes. To estimate the

auditory ERP contribution to the motor-auditory ERP, the motor

ERP was subtracted from the motor-auditory ERP. The amplitude

of this corrected motor-auditory waveform in the N1 and P2 time

intervals was compared to those of the auditory waveform with

two-tailed paired Student’s t tests.
The topographical distribution of the ERP attenuation effect

was compared to that of the underlying ERP waveform by a Signal

(auditory ERP vs. ERP attenuation effect) 3 Electrode (Fz, Cz, Pz,

Oz) analysis of variance (ANOVA) with the amplitudes vector-

normalized using the method described by McCarthy and Wood

(1985). A significant interaction in this analysis would mean that

the effect was not a modulation of the underlying ERP, but

reflected (at least in part) the superposition of an ERP of different

origin. Generalized eta-squared effect sizes (Bakeman, 2005; Olej-

nik & Algina, 2003) are reported.

A secondary goal of our experiment was to investigate the

contribution of auditory and modality-nonspecific processes to

the N1 attenuation effect, thus various N1 subcomponents were

also assessed separately. For the analysis regarding the supratem-

poral and modality-nonspecific N1 subcomponents, see support-

ing information.

Pinch-Force Analysis

FSR signal values (voltages) were transformed into force values

according to the logarithmic function depicted in the FSR 400

Series Data Sheet (Interlink Electronics, 2016; because the device

was not calibrated, we used arbitrary units—a.u.—instead of New-

tons as measurement unit). Each action was characterized by the

peak amplitude (maximum) of the force signal in the 750-ms poste-

vent period, and the latency of this maximum. Each participant was

characterized by the average of the peak forces and latencies mea-

sured in the motor-auditory and motor conditions. The average

peak forces and latencies in the motor and motor-auditory condi-

tions, as well as between-action intervals, were compared by paired

Student’s t tests.
To visualize potential temporal changes in the action parame-

ters, over the course of the experiment, for each trial, in each block

the individual FSR peak values were averaged across participants

and plotted. Visual inspection of these plots suggested that the

applied force changed systematically within the blocks. To statisti-

cally explore these tendencies and their relation to the sensory feed-

back following the actions, for each participant and condition FSR

peak amplitudes measured, respectively, in the first, second, third,

and fourth quarter of the blocks were averaged. These average FSR

peak amplitudes were then submitted to a Condition (motor,

motor-auditory) 3 Position (1st, 2nd, 3rd, 4th block quarter)

ANOVA.

Because participants applied significantly stronger pinches in

the motor than in the motor-auditory condition, it could be hypoth-

esized that pinch-force differences contributed to the measured

ERP attenuations. To test this possibility, ERPs were averaged sep-

arately for actions with softer- and stronger-than-median pinches

for each participant in both motor and motor-auditory conditions.

Average ERP signals in 20-ms time windows centered at the maxi-

ma of the N1 and P2 attenuation effects (i.e., the time points and

electrodes of the largest N1 and P2 differences between ERPs in

the auditory and motor-auditory conditions) were compared

between strong and soft FSR pinches by Student’s t tests separately

in the motor and motor-auditory conditions.

RP and LRP

As described above, the discarded motor and motor-auditory blocks

(which were excluded from further statistical tests) were used to

identify the relevant electrode for the analyses conducted with RPs

and LRPs. Using the group-averaged RP from these blocks, the

electrode with the largest peak in the 200-ms time range preceding

the action was selected. RP amplitude was characterized by the

average signal in the 100 ms preceding the pinches, relative to a

2600- to 2500-ms baseline. LRPs were calculated by subtracting

the RP values at the right hemisphere electrodes from the RPs at

the corresponding left hemisphere electrodes.

RPs and LRPs in the motor and motor-auditory condition were

compared by Student’s paired t tests at the electrode with the high-

est RP amplitude in the discarded motor and motor-auditory blocks

(see above). Pinch-force-related effects were investigated by com-

paring RPs related to strong and soft (FSR peak amplitudes above

and below median, respectively) pinches separately in the motor

and motor-auditory conditions, using Student’s paired t test.

Results

Behavioral Data

Participants complied with the instruction, and produced a close-to-

uniform distribution of between-action intervals in the 2–6 s range

(Figure 1). However, the mean between-action interval in the motor

condition (M5 4.007 s, SD5 0.275) was significantly longer,

t(15)523.438, p5 .004, than in the motor-auditory condition

(M5 3.834 s, SD5 0.256). (For this comparison, only double-

actions—as described previously—were excluded from the analy-

sis. For all other statistics, however, all actions outside the 2–6 s

time range were disregarded).

N1 and P2 Attenuation Effect

Figure 2 shows N1-P2 waveforms elicited in the motor-auditory

(both uncorrected and motor corrected) and the auditory condition.

In the auditory condition, the highest negative peak in the N1 (the

50–150 ms postevent) interval was at FCz, with a latency of 117

ms (calculated from the blocks set aside). The analysis in this time

window and at this electrode showed a clear N1 attenuation: The

N1 amplitude in the corrected motor-auditory waveform was

significantly reduced in comparison to the auditory condition,

t(15)525.566, p< .001.

A positive waveform following the N1 (referred to as P2 in the

following, but see Discussion) could be identified in the auditory

condition peaking at 236 ms after tone onset, at FCz (calculated

from the blocks set aside). This waveform was also attenuated: The

amplitude in the 226–246 ms interval in the corrected motor-

auditory condition was significantly lower than in the auditory con-

dition, t(15)5 3.847, p5 .002.

The Signal (auditory ERP vs. ERP attenuation effect) 3 Elec-

trode (Fz, Cz, Pz, Oz) ANOVAs of the vector-normalized ampli-

tudes showed no interactions for N1 or P2. For the P2, the visual

inspection of the topographies (Figure 3) revealed a difference:

Whereas in the auditory condition there were two temporal peaks

at both sides of the central positivity, the ERP effect was
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characterized by a single central maximum. The two-way Signal3
Electrode (T7, C3, Cz, C4, T8) ANOVA of the vector-normalized

amplitudes exploring this difference showed a significant Signal 3
Electrode interaction, F(1,15)5 6.871, p< .001, g25 .030; that

is, the topographies differed in the P2 time range. This suggests

that different sources contribute to the P2 waveform in the motor-

auditory and motor conditions (Figure 3).

For analyses regarding the supratemporal and modality-

nonspecific N1 subcomponents, see supporting information.

Pinch-Force Analyses

The FSR signal showed a reversed U-shaped curve with a single

peak for most actions (Figure 4). Participants applied more pressure

when the pinch did not result in a tone: The mean peak force was

significantly higher, t(15)5 5.081, p< .001, in the motor (ampli-

tude: M5 239.276 a.u., SD5 198.041) than in the motor-auditory

(amplitude: M5 51.004 a.u., SD5 76.642) condition, and the peak

was also reached later, t(15)5 8.628, p< .001, in the motor (laten-

cy: M5 133 ms, SD5 4) than in the motor-auditory (latency:

M5 77 ms, SD5 2) condition.

The peak amplitude of the FSR signal appeared to change from

action to action during the blocks in a systematic manner (Figure

5). In the motor-auditory condition, the amplitudes decreased as a

function of time, indicating that participants applied less and less

force during the course of each block. In the motor condition, the

opposite tendency could be observed: Within each block, the peak

amplitude seemed to increase. To explore whether these observa-

tions were statistically supported at least in a post hoc sense, a

Block position (1st, 2nd, 3rd, 4th quarter) 3 Condition (motor,

motor-auditory) ANOVA of the individual mean FSR peak ampli-

tudes was calculated. The ANOVA revealed a significant condition

main effect: F(1,15)5 26.180, p< .001, g25 .615, and a signifi-

cant Block position 3 Condition interaction, F(1,15)5 17.847,

p< .001, g25 .047. To follow up on this result, one-way block

position ANOVAs were conducted separately, which indicated an

effect of block position in both motor, F(1,15)5 10.884, p5 .005,

g25 .420, and motor-auditory conditions, F(1,15)5 6.698, p5
.021, g25 .309. In the motor-auditory condition, pairwise t tests
revealed a significant difference between the first block quarter and

Figure 2. Group-averaged ERP waveforms elicited in the auditory, motor,

and motor-auditory conditions. Top: Estimation of the auditory contribu-

tion to the ERPs elicited by compound action-sound events. The corrected

motor-auditory waveform was calculated by subtracting the ERPs elicited

in the motor condition from the ERPs elicited in the motor-auditory con-

dition. Bottom: Group-averaged auditory and corrected motor-auditory

waveforms. Gray bars mark the 20-ms time windows used for amplitude

measurements. P values show significance levels of two-tailed, paired Stu-

dent’s t tests comparing amplitude values in the two conditions.

Figure 1. Histograms of time intervals between pinches in the motor

and motor-auditory conditions. (Summary data of the 16 participants

included in the analysis: all pinches of each participant). Although all

registered between-action intervals are presented (including those that

may have been erroneously registered as separate actions during the

release of a pinch, see Methods), only actions separated by at least 2 s

from preceding actions were included in the analyses.
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all other block quarters and between the second and fourth block

quarters, indicating that during the course of the blocks pinch force

decreased compared to the initial values (1st vs. 2nd: p5 .032, 1st

vs. 3rd: p5 .025, 1st vs. 4th: p5 .021, 2nd vs. 3rd: p5 .133, 2nd

vs. 4th: p5 .033, 3rd vs. 4th: p5 .074). In the motor condition,

force values were larger in the later block quarters, and all compari-

sons between block quarters were significant (1st vs. 2nd: p5 .036,

1st vs. 3rd: p5 .013, 1st vs. 4th: p5 .005, 2nd vs. 3rd: p5 .030,

2nd vs. 4th: p5 .005, 3rd vs. 4th: p5 .027).

Pinch Force and Within-Block Position-Related ERPs

The pinch-force differences between the motor and motor-auditory

condition may be reflected in the action-related cortical potentials,

which may also contribute to the observed ERP difference between

the auditory and motor-auditory conditions. That is, the differences

between the actions may be also reflected in the action-related

ERPs. Because the auditory contribution to the motor-auditory

ERP is estimated by subtracting the motor ERP, this may bias the

calculations.

One way to compensate for the potential bias would be to select

matching epochs from the motor-auditory and motor trials with

similar peak forces, and calculate average ERPs from the force-

matched subsets of epochs. (A more conservative matching app-

roach would be to select motor-auditory epochs in which the

applied force would exceed that of the matched motor trial in each

case.) Unfortunately, such an analysis could not be performed, as

peak force ranges overlapped only slightly between conditions, and

the number of epoch pairs that could have been force-matched was

very low.

To test for the existence of the hypothetical bias, that is, wheth-

er pinch-force differences contributed to the attenuation effects,

ERPs related to stronger- and softer-than-median pinches were

compared (using Student’s t tests) in the motor and the motor-

auditory conditions, in the time windows centered at the maxima of

the N1 and P2 attenuation effects (i.e., the largest difference

between the auditory and corrected motor-auditory ERPs, which

peaked at 138 ms and 239 ms at FCz and Cz, respectively). A sig-

nificant difference was only found in the time range of the N1

attenuation effect in the motor condition, t(15)5 3.297, p5 .005;

Figure 6, showing that strong pinches resulted in more negative

ERP amplitudes. The topography of the motor condition strong-

minus-soft ERP difference in this time range showed a frontocen-

tral negative maximum (Figure 6, bottom). Because pinch force

was generally stronger in the motor than in the motor-auditory con-

dition, this result supports the notion that the motor-auditory-

minus-motor difference waveform receives a force-difference-

related ERP contribution, which enhances the N1 attenuation

effect.

As the lack of significant force-related effect in the motor-

auditory condition could be caused by the smaller force differences

between strong and soft pinches in this condition, this difference

was calculated for each participant and condition (subtracting the

mean FSR force maximum of the soft pinches from the mean maxi-

mum of the strong pinches). A Student’s paired t test indicated that

the difference between strong and soft pinches was significantly

larger, t(15)5 5.737, p< .001, in the motor (M5 128.900 a.u.,

Figure 4. FSR signal trajectories for all actions of a representative par-

ticipant in the motor and motor-auditory conditions. The trajectories are

synchronized to the time point (the crossing of the axes) at which the

FSR signal exceeded a fixed threshold. On the bottom figure, the same

action profiles are depicted after transforming the FSR signal to force

values.

Figure 3. Group-averaged topographical distributions of the ERPs eli-

cited by sine tones in the auditory condition and the corresponding

reverse ERP attenuation effect (auditory minus motor-corrected motor-

auditory condition) in the N1 and P2 time range. Signal ranges differ to

allow the assessment of potential topographical shape differences (i.e.,

the scales symmetrically extend up to the maximal absolute amplitude

in the topographies).
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SD5 55.569) than in the motor-auditory condition (M5 45.248

a.u., SD5 46.173).

RP and LRP

The RP peaked at C3 (in the motor and motor-auditory blocks set

aside), and RP amplitudes measured at this electrode (Figure 7)

were significantly higher, t(15)522.266, p5 .039, in the motor

than in the motor-auditory condition. No significant RP amplitude

differences were found between RPs related to stronger- and softer-

than-median pinches (Figure 7) in the motor or the motor-auditory

condition (two-tailed, paired Student’s t tests).
RPs in both conditions were lateralized, with larger amplitudes

on the left side (contralateral to the action). However, no differ-

ence was found in the LRPs between motor and motor-auditory

conditions.

Discussion

Studies investigating action-related auditory ERP attenuation gen-

erally assume that actions are invariant irrespective of their action

effects (Horv�ath, 2015). While reproducing the well-known N1 and

P2 attenuation effects, the present experiment revealed action-

effect-related differences in movement parameters, which is not

consistent with this assumption. The results show that participants’

pinches were softer when pinches consistently elicited an auditory

action effect (in the motor-auditory condition) in comparison to the

condition in which an auditory action effect was absent (motor con-

dition). Moreover, differences in pinch force also influenced the

ERP in the time range of the action-related N1 attenuation effect:

The ERP was more negative for stronger pinches in the motor

condition, which demonstrates that a motor correction bias might

contribute to the N1 attenuation effect.

Action-Related ERP Attenuation

The experiment replicated previous findings on action-related audi-

tory N1 attenuation: The N1 waveform elicited by self-induced

tones was clearly reduced compared to those elicited by externally

generated sounds. (For a more elaborate discussion of the N1 atten-

uation effect and the role of auditory and modality-nonspecific fac-

tors, see supporting information.) Reduced amplitudes could also

be observed for the subsequent positive component. Action-related

P2 attenuation was reported in a few recent studies (e.g., Horv�ath

et al, 2012; Knolle, Schr€oger, Baess, & Kotz, 2012; San Miguel

et al., 2013); the latency of the positive waveform in the auditory

condition of the present study (236 ms after stimulus onset), how-

ever, makes the interpretation of this waveform ambiguous. It

could be interpreted as P2 or as a P3a, especially because an earlier

positivity could be observed in the motor-auditory waveform. That

the positive waveform might receive contributions from multiple

sources is also indicated by the presence of local temporal maxima

observed beside the frontocentral maximum in its topography. Sim-

ilar waveforms could be observed in a few previous studies (Baess

et al., 2011; Knolle et al., 2012—interpreted as P3a or P2, res-

pectively). Since P3a probably reflects involuntary attentional pro-

cesses triggered by unpredictably occurring sounds (Friedman,

Cycowicz, & Gaeta, 2001), this could indicate that the tones pre-

sented in the auditory condition with an irregular stimulus onset

asynchrony elicited this component with higher amplitude than the

predictable, self-induced sounds did.

Figure 5. Group-averaged FSR-force peak amplitudes for each action, in each experimental block (dots). The within-block trends are indicated by

smooth curves (LOESS regression, blue lines; the dark gray area represents the pointwise confidence intervals). Block numbers represent the presenta-

tion order of blocks retained for analysis (see text). The presentation of motor and motor-auditory (and auditory) blocks was interwoven.

Self-induced tones used as feedback for actions 7

52



Pinch Force

The finding that differences in the sensory consequences of the

actions were reflected in the physical action parameters was robust:

The difference between actions with and without elicited tones was

clearly evident in the pinch-force profiles (the maximum of the

FSR signal) of each participant. Interpreting these between-

condition force differences seems straightforward. We hypothesize

that they reflect a difference in the action goals in the motor and

motor-auditory conditions. In the experimental setup, the primary

objective during task performance—irrespective of action effects—

is to successfully interact with the device. Whereas one may

achieve this goal simply by exerting maximal force on each occa-

sion irrespective of the presence or absence of an auditory conse-

quence, we hypothesize that the presence of the auditory action

effect provides an opportunity to optimize the applied force.

Assuming that one objective is to minimize the exerted force, there

are at least two plausible (although somewhat related) optimization

goals. One is to reduce the uncertainty regarding the success of the

interaction attempt: By utilizing the auditory consequence as feed-

back, participants could lower the applied force in the motor-

auditory condition to a level that was sufficient for a successful

interaction with the device. In the motor condition, however, only

the less “useful” tactile feedback was available. That is, in the

motor condition, participants “overperform” to reduce the uncer-

tainty concerning the success of the interaction attempt. A second

alternative is that repeatedly performing an action may require less

(cognitive) resources if the action has well-identifiable sensory

consequences (Dyer, Stapleton, & Rodger, 2015). If a feedback

modality (in this case, the auditory stimulus) is removed, sensory

stimulation from the remaining modalities (in this case, tactile) has

to be increased to provide a well-identifiable sensory consequence.

Because more force results in more intense tactile feedback, this

explanation also fits the results. Note that because the force

impulses were brief (ballistic), force optimization could occur only

from trial to trial, and not during the course of each force exertion.

The different force development trajectories within motor-auditory

and motor blocks suggests that tuning the level of force in the

motor-auditory blocks occurs mainly during the first 5–15 trials.

In most previous studies using typical action-related ERP atten-

uation paradigms, which administer stimulation protocols with con-

tingent action-effect relationships, the role of the self-induced

sounds from the participants’ point of view (what participants “do”

with the sounds) remained unclear. The experimental logic (sub-

tracting the motor ERP from the motor-auditory ERP) implies (tac-

itly) that a self-induced sound is an irrelevant side effect that

participants could simply ignore. The interpretation of the

between-condition force differences suggested above, however,

implies that participants do not ignore but actually rely on the audi-

tory action effect to adjust the actions and to maintain a successful

interaction with the device.

Ideomotor theories of action control (Hommel, 2009; Shin,

Proctor, & Capaldi, 2010) suggest that sensory effects of the

actions play a central role in the planning, control, and adjustment

of movements. These theories are supported by studies that show

that the learning and execution of movement sequences (Conde,

Altenm€uller, Villringer, & Ragert, 2012; Stocker, Sebald, &

Hoffmann, 2003) and complex movements, like a golf swing or

playing a musical instrument (Dyer et al., 2015), can be enhanced

by auditory feedback. The current study extends these results and

indicates that even simple actions—like pinching a plastic sheet—

can be affected by the sensory consequences of the movements.

Figure 6. Top: ERPs related to strong (black lines) and soft (red lines)

FSR presses in the motor (top left) and motor-auditory (top right) condi-

tions. Gray bars mark the 20-ms time windows centered at the time

points of maximal N1 and P2 attenuations. Asterisks denote the signifi-

cance levels of t tests comparing ERP amplitudes related to strong and

soft pinches in these intervals. Bottom: Group-averaged topographical

distribution of the difference between ERPs related to strong and soft

pinches in the motor condition, in the time range of the maximal N1

attenuation.

Figure 7. Group-averaged RPs at C3 in the motor and motor-auditory

conditions (left). Group-averaged RPs related to strong and soft pinches

in the motor (top right) and motor-auditory conditions (bottom right).

Gray areas indicate the 100-ms time windows for amplitude measure-

ments. P values show significance levels of two-tailed, paired Student’s

t tests comparing amplitude values in the motor and motor-auditory con-

ditions (left) or amplitude measurements related to strong and soft

pinches (right).
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Our experiment focused on paradigms in which participants eli-

cited tones manually. The study of self-induced auditory stimuli,

however, is not limited to sounds elicited by button presses or fin-

ger taps. A related line of research investigates how motor-based

predictions affect the processing of speech (Curio, Neuloh, Num-

minen, Jousm€aki, & Hari, 2000; Houde, Nagarajan, Sekihara, &

Merzenich, 2002; Ventura, Nagarajan, & Houde, 2009). In contrast

to paradigms relying on manual actions, studies on self-produced

speech have already suggested that self-induced speech sounds are

used as feedback to adjust motor processes, for example, to control

the loudness of the produced sounds (Bauer, Mittal, Larson, &

Hain, 2006; Heinks-Maldonado & Houde, 2005; Lane & Tranel,

1971). A reason for previous research neglecting this feedback

aspect in paradigms using manual actions could be that the relation

between action and sensory effect is less “organic” than in the case

of self-produced speech. Movement parameters—like force—are

only relevant in relation to the arbitrarily determined threshold for

sound triggering, and, beyond this, action parameters do not influ-

ence the acoustic features of the elicited stimulus. For self-

produced speech, however, properties of the sounds (e.g., loudness,

duration) are directly related to the movement of the effector,

which may well enhance their feedback function. It seems likely

that similar enhancements could be present for all sound-inducing

actions for which there is a strong coupling between movement

and sound parameters. The present results show that, even in the

case of a simple threshold-based action-effect coupling, the feed-

back aspect cannot be neglected.

Motor Correction Bias

The idea that action goals differ depending on the available sources

of feedback would suggest that processes related to planning and

control of movements are affected by the sensory consequences of

the actions. Such differences should be also reflected in cortical

activity both before and after the execution of the movements. Pre-

vious studies reported differences in the RPs in the movement plan-

ning phase that could be related to the expected consequence of the

actions (Ford, Roach, Faustmann, & Mathalon, 2007, 2008). RPs

recorded in the current experiment also differed in the motor and

motor-auditory conditions.

Whereas ERP differences preceding action effects can be

unequivocally attributed to motor- or expectation-related processes,

separating later ERP differences related to motor or sensory proc-

essing changes is not possible in most experiments, including the

present one. To sidestep this issue, we examined whether force dif-

ferences within the same condition could result in ERP differences

in the time ranges and at the recording sites of the N1 and P2

attenuations. Movement-parameter (e.g., force or velocity) differ-

ences may be reflected in the cortical potentials related to motor

processes (Becker & Kristeva, 1980; Kristeva, Cheyne, Lang, Lin-

dinger, & Deecke, 1990; Kutas & Donchin, 1974; Oda, Shibata, &

Moritani, 1996; Siemionow, Yue, Ranganathan, Liu, & Sahgal,

2000; Slobunov, Hallett, & Newell, 2004; Slobounov, Johnston,

Chiang, & Ray, 2002). Although the majority of the research

focused on differences in the readiness potentials preceding action

execution, studies show that the physical parameters can also have

an effect on the motor-related ERPs that appear after the start of

the actual movement (Becker & Kristeva, 1980; Slobunov et al.,

2002, 2004; Wilke & Lansing, 1973). If such effects overlap the

time range of the auditory ERP components, then movement-

parameter differences between actions with and without auditory

consequences may contribute to or even be the sole cause of the

ERP difference described as action-related ERP attenuation.

In the motor condition, stronger pinches elicited a more nega-

tive ERP than soft pinches in the time range of the N1 attenuation

effect, which suggests that the force difference between the motor

and motor-auditory condition can be manifested in the reduction of

the corrected motor-auditory ERPs, which is usually interpreted as

a self-generation effect. The topographical distribution of this

strong-minus-soft difference in the motor condition is similar to the

distribution of the N1 attenuation effect, which confirms the possi-

bility of a force-related motor-correction bias. It is important to

note that the force-dependent ERP difference was not consistently

observable in the present experiment: In the motor-auditory condi-

tion, no such effect was found. The lack of a significant effect in

the strong versus soft comparison in the motor-auditory condition

might have been caused by the relatively small force differences:

The mean force difference between soft and strong pinches was

nearly three times larger in the motor than in the motor-auditory

condition. The average force difference between pinches in the

motor and motor-auditory condition was, however, even larger

than the average difference between strong and soft pinches in the

motor condition. Thus, it could be argued that the motor correction

bias might be even larger than indicated by the force-related ERP

difference in the motor condition.

Although these results suggest that a force-related ERP differ-

ence could in itself be sufficient to bring about an “attenuation

effect,” that is, a motor-correction bias, we assume that the

between-condition action difference goes beyond the single param-

eter of applied force: The difference in physical parameters could

reflect a fundamental, qualitative difference— the difference of

action goals in the two conditions (as discussed above). Due to the

minimal overlap between the applied forces in the two conditions,

we could not control for force differences in the present study and,

therefore, cannot provide strong evidence for this action-goal dif-

ference hypothesis. Our results nonetheless show that motor-

control processes vary as a function of the feedback provided by

the sensory consequences of the actions. This demonstrates that the

concept of the motor-correction method itself needs to be closely

examined in future studies, and if physical attributes of the actions

indeed signal a difference in action goals, the issue would not be

solved simply by controlling the force parameter.

RPs

It has been previously suggested (Ford et al., 2007, 2008) that

actions are preceded by neural activity reflecting the instantiation

of the efference copy produced by the motor system, which is sent

to sensory areas to predict the sensory consequences of the action.

Consistent with this idea, Ford, Palzes, Roach, and Mathalon

(2014) have found that in healthy participants the amplitude of the

lateralized readiness potentials (recorded before self-induced

sounds) correlated with the magnitude of the action-related ERP

attenuation, and that the amplitude of RPs was higher in the motor-

auditory than in the motor condition. In the present experiment,

however, the opposite was observed: RPs were significantly larger

in the motor than in the motor-auditory condition. This result is

more in line with the studies showing that the amplitude of motor-

related potentials correlates with the force of the following move-

ment (Becker & Kristeva, 1980; Kristeva et al., 1990; Kutas &

Donchin, 1974; Siemionow et al., 2000). The lack of force-

dependent differences in RPs for softer- and stronger-than-median

pinches could again be explained by the within-condition
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differences being considerably smaller than those between the

motor and motor-auditory conditions.

Device Specificity

The ERP attenuation effects observed in the present experiment are

very similar to those reported in other studies of this phenomenon,

which suggests that our setup probably captures the relevant

aspects of these previous studies. At this point, however, it cannot

be assessed whether the observed motor parameter differences are

specific to the response device, that is, whether substantial differ-

ences are also present when more conventional interaction devices

(i.e., buttons) are used.

It is important to acknowledge that certain response devices

may limit the motor parameter ranges leading to successful interac-

tions (i.e., some devices may not allow much freedom for action

optimization). In the present setup, for example, selecting an FSR

signal threshold close to the maximum achievable pinch-force level

would eliminate the physical possibility for optimization, because

the range of action options would be too narrow. With the threshold

setting used in the present study, action optimization was possible

because many types of actions led to successful interactions. Due

to usability issues, this is also true for most conventional devices,

which are designed so that the parameter ranges of actions leading

to successful interactions are wide. Whether participants are com-

pelled to optimize their actions if they get the chance is a further

question. For example, if the gains of choosing close-to-optimal

actions are negligible, then no optimization will occur. In the

present setup, it can be speculated that the relatively low force

threshold allowed a meaningful reduction of muscle effort, which

compelled participants to optimize their actions.

The main difference between the FSR-based device and con-

ventionally used (button-type) devices seems to be that applying a

force impulse on the FSR does not result in substantial mechanical

displacement or shape change of the device, whereas pressing a

button usually does. Because of this, no transient sound is generat-

ed by the FSR, in contrast to buttons, which often produce a tran-

sient sound (e.g., click, see Horv�ath, 2014). Furthermore, the

moment of successful interaction with the FSR, that is, the moment

when the force threshold is exceeded, is not marked by a mechani-

cal transient. Successful interaction with a button, however, is often

signaled by a well-defined tactile event, for example, the start of

the displacement or reaching the end position after displacement.

One may speculate that the absence of such marked tactile feed-

back in an FSR-based setup makes external feedback relatively

more “valuable” than in a conventional response device-based set-

up. The idea that action effects are differentially weighted during

action planning has been also suggested by Memelink & Hommel

(2012) in the context of the ideomotor principle. In the present

context, a relatively highly weighted external auditory feedback

may have amplified feedback-related differences in the present set-

up. With conventional response devices, the tactile feedback con-

stantly available in both motor and motor-auditory conditions

might allow one to apply forces closer to the optimum; that is, for

such devices, the lack of an external auditory consequence could

lead to a smaller force difference between the conditions.

Although this may be the case, it is important to emphasize that

humans have considerable freedom in the selection of task-relevant

action effects for action representation (see, e.g., Hommel, 1993).

It is an interesting question—whether the availability of a constant

device-based feedback would compel participants to select the

action effects related to the operation of the device as primary

action effects. One may intuitively argue that, due to our everyday

exposure to button press-based interaction devices (see Horv�ath,
2013a), in the motor-auditory condition most participants would

regard the external sound as the primary task-relevant action effect.

The plausibility of this argument is well illustrated by cases in

which the otherwise redundant feedback becomes mixed. Thus,

when most actions consistently lead to the elicitation of both types

of feedback (i.e., external sound and device-based feedback), an

action eliciting an external sound without the accompanying

device-based click would probably still be regarded as a successful

interaction, whereas the absence of the external sound would be

regarded as a failure despite the presence of the device-based click.

Obviously, further experiments are needed to clarify the influ-

ence of device characteristics on action-effect interactions. In light

of the arguments above, however, it seems unlikely that the pres-

ently reported phenomena would be contingent on the response

device used.

Summary

Many studies about action-related ERP attenuation assume that

actions are invariable regardless of differences in their sensory con-

sequences. The present study presents strong evidence against this

assumption: Actions with and without contingent auditory conse-

quences were physically different. Moreover, the results suggest

that the physical differences are also reflected in the action-related

ERPs, which may inflate the estimates of action-related auditory

ERP attenuation.

The analysis of the action force profiles and their development

during the course of the experiment suggest that auditory effects

were an important part of the goal structure associated with the

experimental task, and not just a side effect of the actions: Partici-

pants used the auditory stimuli to optimize the tone-eliciting

actions. These results support the idea that sensory effects are an

integral part of the action representations, and play a fundamental

role in the motor selection and action control processes.
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Most of our actions have multiple consequences. Some of these effects are the reasons why we perform the actions 
in the first place, that is, these are the goals of the actions, whereas others are merely side-effects. When press-
ing the button of the doorbell, our intention is to initiate a sound that signals the residents of the house that we 
have arrived. Besides initiating the sound, pressing the button also results in proprioceptive, tactile and visual 
stimulation. As long as pressing the button results in the doorbell sound, these other consequences are irrelevant 
side-effects. If the action fails (no sound is heard), however, side-effects may become important in correcting the 
failure: we might think that we did not press the button properly, and may attempt some more presses: maybe this 
time looking at the button to ensure that we really press its moving element, maybe we press with more force to 
make sure that the button reaches its end position, and one may also listen to whether the button clicks or not.

The predictable sensory consequences of our actions play an important role in action planning, and action 
planning influences sensory preparation for action effects (see e.g., Rizzolatti, et al.1; Baldauf & Deubel2), which 
suggests that these effects form an integral part of our action representations3. Although the integration of sen-
sory consequences into the action representation is automatic4,5, we also have considerable freedom to structure 
such representations in accord with our intentions6. For example, the same actions can be represented with prox-
imal or with distal action-effects, which result in different interference patterns in action planning7,8, and it also 
enables efficient tool use9. If the encoding of action consequences plays such an important role in action planning, 
then it seems plausible that physically changing the sensory consequences of an action (e.g. removing one of the 
action effects, especially the one preferentially used to encode the action) also leads to marked changes in action 
planning. One may even speculate that such adjustments lead to changes in the motor part of the action. The goal 
of the present study was to investigate whether differences in associated effects were also reflected in the motor 
components of the actions.

Most studies investigating the influence of action-effect representations on action planning administered par-
adigms with explicit mappings between several categories of actions and corresponding effects (e.g. button presses 
categorized as soft or strong elicited a soft or a loud sound10; or buttons pressed for short or long intervals elicited 
a short or a long tone11). Such response-effect compatibility paradigms demonstrated that actions consistently 
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eliciting effects with incompatible features (e.g. soft button presses eliciting the loud tone10; or short-duration 
button presses eliciting the long tone11) were initiated more slowly (after an imperative cue was presented) than 
those consistently eliciting effects with compatible ones. Various experiments12,13 showed that in the presence of 
multiple action options, the trajectories of manual reaching movements – while still reaching their goals – may 
reflect bias towards not-chosen action options, which may allow insights into the acivation patterns of action 
representations within the given context (e.g. Wirth et al.14).

In contrast with response-effect compatibility paradigms, the present study utilized a single action category, 
that is, there were no alternative response options; and measured the motor parameters of the actions within 
that single action category. The notion that motor parameters within a single category of actions may change 
even in the absence of an alternative action category, as a function of the elicited effects, is supported by a recent 
study by Neszmélyi, & Horváth15, in which actions with and without auditory consequences (in separate exper-
imental blocks) were compared. It was found that participants applied less force when actions elicited a sound 
(action-effect related force adaptation). An important implication of this result is that action-effect manipulations 
may not only influence the sensory input induced by the action, but the motor output as well, which challenges 
the validity of motor correction methods often applied in electroencephalographic, magnetoencephalographic, 
or brain imaging studies on the processing of self-induced tones. In such studies, it is often assumed that the 
motor part of the action is the same irrespectively of the elicited effects, and sensory processing activity related to 
the self-induced action-effect is estimated by subtracting the processing activity measured when the actions are 
performed without bringing the given effect about16.

The action used in the Neszmélyi and Horváth15 study was, however, somewhat peculiar. Participants were 
pinching a small plastic sheet (i.e., they held it between the thumb and the index finger), and were instructed 
to apply brief force impulses in the context of a time interval production task. An action was registered when 
pinch-force exceeded a pre-set threshold level, which, in one condition, resulted in the immediate presenta-
tion of a tone. Although this pattern of force application is similar for many common types of interactions (e.g. 
pressing a button), this particular action-device combination is seldom used in everyday life. Whereas more 
common devices often produce a distinct mechanical (tactile) transient when the action is successfully executed 
(e.g., after a button moves, it hits its end-position), the tactile sensations produced during pinching a plastic 
sheet are probably much less distinct. That is, pinching may not have the tactile effects that define successful 
interactions with most everyday devices, thus may not allow participants to encode pinching in “tactile terms” 
as, for example, button presses may do. Therefore, one may argue that the action-effect related force adaptation 
reported by Neszmélyi and Horváth15 was specific to pinching, and may not reflect a general phenomenon. The 
goals of the three experiments of the present study were to replicate the original results (Pinch Experiment), and 
to test whether action-effect related adaptation could also be observed for more frequently used types of interac-
tions: tapping (Tap Experiment) and button pressing (Button Experiment). In all three experiments participants 
repeated the given action in an even tempo (one action every three seconds) in two separate conditions: in the 
motor-auditory condition, each action resulted in the elicitation of a tone, whereas in the motor condition actions 
did not elicit a tone. The applied force was continuously measured by force sensitive resistors (FSRs).

Participants complied with the instructions. Between-action intervals (Table 1) did not significantly differ 
between conditions in any of the three experiments. The interactions with the different devices resulted in differ-
ent FSR and force signal time courses (Fig. 1).

In the Pinch Experiment the FSR and corresponding force signal (Fig. 1a) showed a 
reversed U-shaped curve, in some cases with a sustained period of maximal force exertion. Since participants 
held the device between their fingers, a (mostly) constant, below-threshold signal could be observed before and 
after the pinches. Each action was characterized by the maximal force peak, which could be identified for all the 
actions in the motor, and for 99.7 ± 0.4% (minimum 99.0%) of the actions in the motor-auditory conditions (no 
significant difference, t[15] = 1.464, p = 0.164). The force application pattern was characterized for each partic-
ipant by the median of peak forces, and the mean latency of the identified peaks. The applied force peaked later 

Experiment

Between-action interval (ms)

Comparison
Motor 
condition

Motor-Auditory 
condition

Pinch 3167 (926) 2803 (970) t(15) = 1.736, 
p = 0.103, d = 0.434

Button 2903 (990) 2864 (1307) t(15) = 0.327, 
p = 0.756, d = 0.082

Tap 2900 (469) 3206 (807) t(15) = −1.502, 
p = 0.154, d = 0.376

Table 1. Group-mean between-action intervals with standard deviations in the two conditions of the three 
experiments. Comparisons are paired, two-tailed Student’s t tests, with d effect size25. Note that the elimination 
of actions preceding or following another action within 1 s – a measure taken to eliminate erroneously 
registered actions, see Methods – affected only 1 ± 3% (mean and standard deviation, range: 0–18%) of the 
registered actions in each participant and block.

60



www.nature.com/scientificreports/

3SCIENTIFIC REPORTS |  (2018) 8:6592 

(Table 2), and was significantly higher (Table 3) in the motor than in the motor-auditory condition (see also 
Supplementary Fig. S1).

For button-presses, the FSR and corresponding force signals were largely similar to 
those for pinches: they showed a reversed U-shaped curve with a single peak (Fig. 1b). There were two conspicu-
ous differences: First, button displacements could be observed as sharp transients superimposed on the reversed 
U-shaped signal curve (indicated by arrows in Fig. 1b). These transients reflect the mechanical operation of the 
button: when the applied force reaches the mechanical threshold of the button, the signal drops as the inward dis-
placement starts, then quickly rises as it is stopped at the end position. Then, in a pressed state, as the applied force 
decreases, the button pops out, “hitting” the finger, which results in a transient increase, followed by a decrease in 
force. Second, before pressing the button, participants applied above-baseline force to the button; in some cases 
even close-to-threshold force was maintained before the button press (observable in Fig. 1b, when comparing the 
FSR signal before the button press and after the button release). This pattern of force application may reflect the 
familiarity with the operation of a button, as maintaining a close-to-threshold force allows faster button actuation 

Figure 1. Representative FSR signals, and the corresponding force signals for single actions in the Pinch (a), 
Button press (b) and Tap (c) experiments. The actions were registered at 0 ms (corresponding to the moment 
when the applied force exceeded pre-set thresholds in the Pinch (a) and Tap (c) experiments, and the moment 
the button was actuated in the Button experiment (b). In panel b), arrows point to button-displacement related 
transients in the FSR signal.
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when the decision to press the button is made. As in the Pinch Experiment, each action was characterized by the 
force peak of the U-shaped curve. To exclude force peaks of button-displacement-related transients from the 
peak search, the peak search interval started 20 ms after the actuation of the button (i.e. 20 ms after the action was 
registered). A force peak could be identified in the search interval for 99.7 ± 0.5% (min. 98.6%) of the actions in 
the motor, and for 99.8 ± 0.4% (min. 98.9%) of the actions in the motor-auditory conditions (no significant differ-
ence, t[15] = 0.760, p = 0.459). As in the Pinch Experiment, the applied force peaked later (Table 2), and the peak 
was significantly higher (Table 3) in the motor than in the motor-auditory condition (see also Supplementary 
Fig. S2).

For taps, the FSR and force signals do not capture the full time course of the tapping 
movement, because the FSR shows a signal change only when contact is made, that is, when the participant’s 
finger touches the FSR. In the typical response pattern, as the finger hits the surface, the signal rises quickly and 
reaches its peak ca. within the first 20 ms, reflecting the deceleration of the finger (Fig. 1c). However, at this time 
point the interaction is not over yet, in most cases the participant’s force application continues, which produces 
a second, longer lasting peak. This second peak was not present for all actions: for some actions, especially in the 
motor-auditory condition, no second peak could be identified (see below).

For the first peak, a force peak could be identified for 99.3 ± 1.7% (min. 93.5%) of the actions in the motor, 
and for 98.0 ± 4.3% (min. 87.5%) of the actions in the motor-auditory conditions (no significant difference, 
t[15] = 1.058, p = 0.307). For the second peak, a peak could be found for 99.6 ± 0.8% (min. 96.9%) of the actions 
in the motor, and for 95.2 ± 7.3% (min. 74.0%) of the actions in the motor-auditory condition (t[15] = 2.392, 
p = 0.030). That is, a significantly lower number of peaks could be identified in the second search interval in the 
motor-auditory condition.

Peak force amplitudes were higher in the motor than in the motor-auditory condition for both peaks (Table 3). 
In contrast with the other peaks (in all three experiments), the latency of the first peak was earlier in the motor 
than in the motor-auditory condition (see also Supplementary Figs S3 and S4). This result indicates that the 
initial momentum of the tapping finger is larger, which leads to a sharper impact-related transient in the motor 
condition.

Although in the above analyses force peak ampli-
tudes and latencies were analyzed separately, the visual inspection of the data (Supplementary Figs S1, S2, S3, and 
S4) suggested that force peak amplitude and latency were correlated in most participants. To explore this impres-
sion, Spearman rank-correlations were calculated for each participant in each condition, which were submitted 
to Student’s t tests against zero. The results (Table 4) confirmed that higher peak amplitudes were indeed reached 

Peak

Peak latency (ms)

Comparison
Motor 
condition

Motor-Auditory 
condition

Pinch 289 (132) 154 (84) t(15) = 6.163, 
p < 0.001, d = 1.154

Button 77 (22) 66 (10) t(15) = 2.502, 
p = 0.024, d = 0.626

Tap 1st 4.6 (2.7) 6.1 (4.1) t(15) = −3.837, 
p = 0.002, d = 0.959

Tap 2nd 57 (27) 44 (14) t(15) = 2.517, 
p = 0.024, d = 0.629

Table 2. Group-mean FSR/force signal peak latencies with standard deviations in the three experiments. 
Comparisons are paired, two-tailed Student’s t-tests, with d effect size25. Note the opposite sign of the effect for 
the first peak latency in the Tap Experiment (in comparison to the other three peaks).

Peak

FSR signal amplitude (V) Force amplitude (N)
Between-condition 
force comparison

Motor 
condition

Motor-Auditory 
condition

Motor 
condition

Motor-Auditory 
condition

Pinch 3.83 (0.81) 2.71 (1.48) 6.71 (0.09) 1.33 (0.22) T = 0, p < 0.001, 
r = 1.000

Button 2.53 (0.33) 2.37 (0.18) 1.03 (0.04) 0.82 (0.04) T = 22, p = 0.016, 
r = 0.676

Tap 1st 3.15 (0.81) 2.30 (0.97) 2.05 (0.15) 0.80 (0.18) T = 4, p < 0.001, 
r = 0.941

Tap 2nd 2.88 (1.24) 1.51 (1.41) 1.53 (0.25) 0.33 (0.29) T = 0, p < 0.001, 
r = 1.000

Table 3. Group-median peak FSR signal- and the corresponding force amplitudes, with inter-quartile ranges 
in the motor and motor-auditory conditions of the three experiments. Comparisons are Wilcoxon signed rank 
tests, the r effect size is the matched-pairs rank biserial correlation coefficient26,27.
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later in the Pinch and Button Experiments. In the motor-auditory condition of the Tap Experiment, higher ampli-
tude first peaks occurred earlier, whereas higher amplitude second peaks occurred later. Note that in the Tap 
Experiment, the sampling interval (one sample per ms) was relatively low with respect to the latencies of the first 
peaks (see Table 2), which lead to numerous ties in the calculation of the correlations.

The present study tested whether motor parameters of various, simple actions with and without auditory 
action-effects differed. For pinch impulses applied on a thin plastic sheet, we replicated the finding that partic-
ipants exerted more force when the auditory effect was consistently absent15. Importantly, the same was found 
for tapping on a table and pressing a button, which are interactions more often utilized in everyday life, as well 
as in experimental paradigms in psychology and neuroscience. This suggests that action-effect dependent force 
application differences are not specific to pinching, but reflect a general phenomenon that occurs during various 
interactions.

Although most of the between-condition differences certainly reflect differences in action planning, in the 
Pinch Experiment the difference may also receive a contribution from on-line action control. For pinches - 
because peak latencies are commensurate or longer than typical simple reaction times (Table 2) - it seems possible 
that participants respond to sound onset (occurring right after the force threshold is exceeded) by initiating a 
pinch-release (that is, they adjust the overall force-application on the fly), which results in lower and also ear-
lier force peaks than in the motor condition. On the other hand, it is unrealistic that such an adjustment would 
take place for the initial tapping movement, for which differences in the first force peak occurred typically just 
as sound presentation started. That is, peak force differences for the first peak in the Tap Experiment certainly 
reflect differences in action planning. Similarly, given that the latencies of second tap and the button press force 
peaks were well below the latency of typical reaction times (Table 2, and Supplementary Figs S2 and S4), it seems 
unlikely that between-condition peak force differences in these experiments received substantial contribution 
from on-the fly control processes.

In contrast with response-effect compatibility paradigms10, the present paradigm offered no alternative action 
options, therefore the action-effect dependent motor parameter differences cannot reflect concurrent activations 
of alternative action categories. Although the present study does not allow drawing conclusions on the cause of 
between-condition differences, a number of hypotheses can be put forward. As speculated previously, there are 
several factors that may contribute to the observed differences. The following lines of thought suggest that motor 
parameter differences reflect the optimization of the action (action-optimization-hypothesis15).

The objectives of such an action optimization can be manifold. On their own, actions in the present experi-
ments resulted in proprioceptive, tactile, visual (because participants may look at their hands), and even auditory 
feedback (because tapping impact, as well as button clicking is often audible)17. One may argue that in such 
setups, the optimization goal is to maintain a constant level of overall feedback intensity, and thus adding a tone 
compels participants to attenuate the other - motor-parameter dependent - forms of feedback. In the present 
paradigm, they may lower the contribution of the tactile feedback by reducing the applied force. Indeed, this has 
been suggested by Kunde and colleagues18, who found that peak forces were lower when actions elicited loud 
sounds than when they elicited soft sounds in an experiment mapping soft and strong button-presses to soft or 
loud tones.

Although the level of applied force was irrelevant as long as it exceeded the pre-set threshold during the 
interactions, force cannot be considered as a task-irrelevant action aspect in the present experiments (for an 
interaction rule in which force is largely task-irrelevant, see Kunde and colleagues)18. Thus a different hypothesis 
regarding the objective of the optimization, which also fits the results, is that participants experience uncertainty 
regarding whether the applied force would exceed the threshold for a given action instance. Thus participants 
may try to ascertain that the interactions are successful while keeping the level of effort reasonable. That is, the 
objective is to maintain a balance between conserving energy (i.e. reducing effort) while keeping the rate of 
success acceptably high15. In this line of thought, the fact that adding a fully contingent tone (i.e., a tone that 
was presented if, and only if a successful interaction took place) affected motor parameters at all would indicate 
that in the absence of the tone, the available feedback was not sufficient for the optimization of the effort/success 

Peak

Correlation

Motor condition
Motor-Auditory 
condition

Pinch 0.31 (0.25) t(15) = 5.068, 
p < 0.001, d = 1.267

0.49 (0.21) t(15) = 9.089, 
p < 0.001, d = 2.272

Button 0.37 (0.15) t(15) = 9.635, 
p < 0.001, d = 2.409

0.32 (0.15) t(15) = 8.617, 
p < 0.001, d = 2.154

Tap 1st
−0.12 (0.33) 
t(15) = −1.491, p = 0.157, 
d = −0.373

−0.21 (0.27) 
t(15) = −3.167, p = 0.006, 
d = −0.792

Tap 2nd 0.09 (0.30) t(15) = 1.197, 
p = 0.250, d = 0.299

0.22 (0.31) t(15) = 2.901, 
p = 0.011, d = 0.725

Table 4. Group-mean Spearman rank correlation coefficients between individual force peak amplitudes 
and latencies (with standard deviations in parentheses), as well as their one-sample two-tailed Student’s 
t-test comparisons against zero with d effect size25 in the motor and motor-auditory conditions of the three 
experiments.
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ratio (even for tapping and pressing a button, both of which feature well-identifiable interaction-related tactile 
transients). That is, the tone might be more distinctive, more well-defined than the other (i.e., tactile and propri-
oceptive) sources of sensory feedback and thus provide a more reliable signal for action success.

The notion that action consequences may not be “equal” in the present paradigm fits the idea that action 
effects may not have equal weight in action representations3–9. One may speculate that the tone may allow the for-
mation of an action-representation that is more advantageous than the action representation which only included 
the other (tactile, etc.) action effects. The tone may serve as a central, clear-cut goal for the actions, and thus rep-
resenting the action in terms of its auditory instead of the other sensory consequences may thus enhance action 
planning and action-control processes. That is, the action-effect related motor optimization may reflect a differ-
ence in action goals or intentions of the participants: in the motor conditions, participants may actually encode 
the actions as “pinching”, “pressing”, or “tapping”, whereas in the motor-auditory conditions they may actually 
encode them as “eliciting tones”.

Finally, it can be noted that the speculations summarized above are formulated in terms of force-optimization. 
Since the success of an action depended on exceeding a force threshold, this seems plausible. Because force peak 
amplitude and latency were positively correlated for the non-impact-related force peaks in the present experi-
ments, one might also propose, however, that the tone-related motor adjustments may not have the primary goal 
to reduce force, but to reduce the temporal separation between tone onset (occurring close to force onset) and 
the force peak, which also corresponds to the point of maximal tactile reafference. That is, it is seems possible that 
the objective is to reduce temporal separation between the different action effects. The notion that the integration 
of temporally distant action effects into a joint action representation involves binding the events to a common 
time-point between the two events has been suggested in numerous studies19,20. In the present context, it seems 
plausible that given the opportunity, participants may facilitate the binding of sound onset and tactile feedback by 
performing the action so that it brings the two events temporally closer together.

The present study extends the range of paradigms that may allow insights into the cognitive determinants of 
action planning through the measurement of motor parameters. In the context of the present study, more forceful 
actions may signal that the actor has less confidence that a given action will result in a successful interaction, 
that is, changes in the distance from the optimum may reflect changes in the level of confidence. Whereas in the 
present study the set of action-effects were manipulated, it may be possible to reverse the direction of inference, 
and attribute differences in applied force (for example, between trials) without physical action-effect differences to 
differences in the cognitive representations of the actions (e.g. intentions or goals of the actor). This idea has been 
suggested before in the context of object manipulation (for a recent summary, see Rosenbaum et al.21).

In summary, these robust results demonstrate that action planning and possibly action control activities dif-
fer as a function of action-effects even for conventional interaction devices. Adding an auditory action-effect 
resulted in less forceful actions when pressing a button, or tapping on a table, similarly to pinching. This suggests 
that task-irrelevant action-effects are not ignored in such a setting, but are actively utilized by the participants 
to maintain the interaction with the response device over the course of the experiment. Furthermore, the results 
imply that in experiments manipulating contingent action effects, one cannot rely on the assumption that the 
motor part of the action is invariant between conditions.

Sixteen young adults (ten women, age 20–28 years, fourteen right handed) participated in the 
Tap; sixteen (eleven women; age 19–30 years, fifteen right handed) in the Pinch; and sixteen (nine women; age 
19–27 years, thirteen right handed) in the Button Experiment, either for monetary compensation or for course 
credit. None of the participants participated in more than one of the experiments. In all three experiments, par-
ticipants gave written informed consent after the experimental procedures were explained to them. All reported 
normal hearing and no history of neurological disorders. The experiment was conducted in accordance with the 
Declaration of Helsinki and the protocol was approved by the United Ethical Review Committee for Research in 
Psychology (Hungary).

The three experiments were similar in all aspects, except for the type of 
response-device and the corresponding action, which were pinching a plastic sheet, pressing a button, or tapping 
on a table. During the experiments, participants were sitting in an armchair, in a sound attenuated room. In all 
three experiments, they were instructed to perform the given action with an even tempo with a between-action 
interval of 3 sec. They were also instructed to remove watches and not to make overt actions to help with the tim-
ing. The experimenter demonstrated the action, but no practice trials were run.

Experiments were divided into two conditions/blocks. In the motor-auditory condition, individual actions 
elicited a 100 ms long (including linear, 5 ms rise-, and 5 ms fall times), 1000 Hz sinusoid tone delivered through 
headphones (HD-600, Sennheiser, Wedemark, Germany) with an intensity of 68 dB (sound pressure level, meas-
ured by an artificial head, HSUIII.2, Head Acoustics, Germany). Due to hardware constraints, there was a delay 
of 6 ms before tone playback started. In the motor condition actions did not result in a tone (and headphones 
were not put on). The order of the blocks was counterbalanced between participants. Both blocks consisted of 100 
actions. That is, one block was approximately 5 minutes long and an experiment lasted approximately 10 minutes 
in total, depending on between-action interval timing.

In the Pinch Experiment a Force Sensitive Resistor (FSR; FSR Model 400, Interlink Electronics, Westlake 
Village, CA, USA; 0.3 mm thick, circular active area with a 5.08 mm diameter), was mounted on a thin plastic 
sheet. The sheet (and the FSR) was held (pinched) between the thumb and the index or middle finger of the dom-
inant hand, with the thumb holding the sheet from above. Participants were instructed to forcefully pinch (i.e., 
apply a force impulse on) the sheet for a brief moment as an action. The FSR voltage signal was recorded with a 
voltage-divider setup using 5 V input voltage and a 10 kOhm resistor. The applied force - FSR signal relationship 

64



www.nature.com/scientificreports/

7SCIENTIFIC REPORTS |  (2018) 8:6592 

in this setup is well approximated by a log-linear function22, therefore, force was calculated from the FSR signal by 
an exponential transformation. The FSR signal was recorded in all experiments by using the high level input of a 
SynAmps2 amplifier (Compumedics Neuroscan, Victoria, Australia) with a sampling rate of 1000 Hz, with online 
low-pass filtering of 200 Hz (i.e., DC-200 Hz). The interaction was successful if the FSR signal exceeded 1.22 V 
(0.16 N), after being continuously under the threshold for at least 10 ms.

In the Button Experiment the same type of FSR was used as in the Pinch Experiment, but the FSR was 
mounted on a button (ST 1034, Radiohm, Tunis, Tunisia; travel distance of 0.6 ± 0.1 mm; operating force of 
0.8–2.5 N). The FSR was used only to record the force signal; a successful interaction was recorded when the 
button was actuated.

In the Tap Experiment, an FSR with a larger active area (FSR Model 406, Interlink Electronics, Westlake 
Village, CA, USA, 0.46 mm thick, active area of 39.6 mm2) was laid out, and taped on the top of a desk. The partic-
ipants’ task was to tap on the active area of the FSR with the index or middle finger (using the same finger during 
the whole experiment, selected by the participant before the experiment) of their dominant hand. An action was 
considered successful if the voltage change resulting from the applied pressure exceeded a preset threshold of 
0.24 V (0.08 N), after being continuously under the threshold for at least 10 ms.

The first four actions in each (blocked) condition were excluded from the 
analyses. In the precursor study15, it was found that small fluctuations in the FSR signal may cause the erroneous 
registration of an action at the falling slope of the FSR signal (as the signal dropped below and then – due to the 
fluctuation - exceeded the threshold again). To exclude such potentially erroneously registered actions from the 
analyses, actions registered within 1 s of another action were also omitted from the analyses. For each participant, 
for the remaining actions the mean between-action interval within each condition was calculated and submitted 
to Student’s paired t tests in all three experiments.

To characterize force application for each successful action, a 1300 ms long epoch was extracted from the 
continuous FSR signal, including a 500 ms interval preceding the action. In each experiment, the applied force 
for each action was characterized by the maximal local peak in the corresponding FSR signal epoch. After the 
visual inspection of the individual FSR signals, a peak search interval was selected to accommodate most of 
the individual variation in peak latency. The interval was set to 0–800 ms in the Pinch; and 20–800 ms in the 
Press Experiment (the lower bound was 20 ms in order to avoid selecting the transient corresponding to the 
button-displacement, see the Results section above). In the Tap Experiment, two FSR-signal peaks were observ-
able. To accommodate both of these peaks for all participants, two adjacent peak search intervals were used. The 
timepoint separating the two search intervals was individually determined between 12 and 25 ms. The upper 
boundary of the second interval was 800 ms. That is, for example, the two search intervals could be 0–12 ms, and 
13–800 ms. The same intervals were used in both conditions. Epochs without any peaks in the given intervals 
were discarded from the force analyses. The ratios of epochs with an identifiable peak were compared between 
conditions by Students’ two-tailed, paired t-tests in each experiment. Statistical calculations were performed in R 
(version 3.2.3)23, supplementary figures were created using the ggplot2 library24.

To characterize the applied force for each participant, the medians of the FSR amplitudes were calculated 
in each condition. These were transformed to force by an exponential transformation. In the precursor study15 
(sample size 16), force-equivalent values were compared by a two-tailed paired Student’s t-test, but due to the 
potential violation of the normality assumption, in the present study these were submitted to two-tailed Wilcoxon 
signed rank tests in each experiment. The Wilcoxon signed rank test of the data of the precursor study15 (with 
participants characterized by peak force medians in each condition) yields T = 0, p < 0.001, which translates to an 
r effect size25 of 1.000 (matched-pairs rank biserial correlation coefficient26,27). Based on this, at 5% alpha level, a 
sample size of 5 is sufficient to reach a statistical power of 80%. The sample sizes of the present study (16 in each 
experiment) would allow for the detection of effect sizes higher than 0.640 (corresponding to Ts lower than 25) 
with 80% power. Force peak latencies were averaged for each participant in each condition, and submitted to 
Student’s paired t tests for each peak. In the Tap Experiment, the two peaks were handled separately.

The datasets generated and analyzed during the current study are available from the cor-
responding author on reasonable request.
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For quick ballistic movements the possibility of making online adjustments is limited. However, when the
same action (e.g., pressing a button) is repeated multiple times, trial-by-trial adjustments are possible: Previous
studies found that participants utilized auditory effects as feedback to optimize the applied force for such tone
eliciting actions. In the current study, it was examined whether this action-effect-related motor adaptation also
occurred if a delay was inserted between the action and its auditory effect. In 2 experiments, participants
applied force impulses to a force-sensitive resistor in a self-paced schedule. Action-effect delay was manip-
ulated between experimental blocks in the 0- to 1,600-ms range. The level of motor adaptation diminished as
a function of action-effect delay, with no adaptation observable for delays longer than 200 ms, which indicates
that action-effect contingency in itself is not sufficient to warrant that sensory effects will be useful for action
control. A third experiment also showed that the observed temporal constraint was not absolute: Adaptation
at 200-ms delay was stronger in a group of participants who were exposed to 400-ms action-tone delays before
testing, than in a group exposed to a 0-ms action-tone delay, suggesting that action-effect-related motor
adaptation is influenced by prior experience.

Public Significance Statement
The study indicates that the temporal constraints of using auditory feedback for action control are much
stricter than one would expect based simply on subjective experience. That is, there might be cases when
one recognizes the causal connection between the action and its sensory consequence; however, the
information provided by the stimulus still cannot be used for planning and controlling subsequent
movements.

Keywords: action-effect-related motor adaptation, movement optimization, auditory feedback, self-
induced sounds
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Most everyday actions are strongly associated with a set of
immediate sensory consequences. Switching on the lights, for
example, leads to instant tactile (the sensation produced by apply-

ing pressure to the switch), auditory (clicking of the switch), and
visual (the lights go on) effects. Indeed, actions are often per-
formed with the goal to elicit such sensory effects (Elsner &
Hommel, 2001; Hommel, 2009; Prinz, 1987). These sensory stim-
uli, however, are not only results of the actions, but are also
important sources of feedback that can be utilized to optimize the
movements (Adams, 1976; Ladwig, Sutter, & Müsseler, 2012;
Todorov, 2004). The influence of sensory effects on motor control
processes is reflected in movement initiation, as well as execution:
Priming action effects allows for faster action initiation (resulting
in faster responses; Elsner & Hommel, 2001, 2004; Hommel,
1996; Kunde, Koch, & Hoffmann, 2004) and for increased action
production rates (Elsner & Hommel, 2001; Pfister, Kiesel, &
Hoffmann, 2011). Comparing expected action effects with the
actual sensory consequences also allows one to optimize the exe-
cution of the actions (i.e., to find the ideal trajectory or force;
Todorov, 2004). A recent study (Neszmélyi, & Horváth, 2017)
suggests that such optimization occurs even for simple, ballistic
actions: It was found that adding a contingent, immediate auditory
effect to a silent action (pinching a force sensitive resistor, FSR)
led to the reduction of the applied force during interactions with
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the device. This was interpreted as a reflection of action-effect-
related motor adaptation: The sound made it possible to decrease
muscle effort while maintaining a reliable interaction with the
device. Such an adaptation may depend on various characteristics
of the action-effect relationship. The goal of the present study was
to investigate the effect of action-effect delay on action-effect-
related motor adaptation.

It seems straightforward to interpret force differences between
actions with and without contingent auditory effects as the out-
come of a strategic or quasi-strategic (depending on the level of
conscious awareness) optimization process. In the widely used
paradigm (e.g., Baess, Horváth, Jacobsen, & Schröger, 2011; Ford,
Palzes, Roach, & Mathalon, 2014; Martikainen, Kaneko, & Hari,
2005; SanMiguel, Todd, & Schröger, 2013; Schäfer & Marcus,
1973; Timm, SanMiguel, Saupe, & Schröger, 2013) administered
by Neszmélyi and Horváth (2017) participants repeatedly interact
with a device, performing the same action over and over again.
Contingent auditory action effects provide an opportunity to adjust
actions in a trial-by-trial manner: According to the strategic ac-
count, the auditory effect informs participants that the action was
successful, who consequently improve the effort/success ratio by
reducing the force applied during subsequent actions. Theoreti-
cally, the only prerequisite of such an adaptation is that the causal
action-effect relationship is represented by the cognitive system,
which should be possible even with relatively long temporal delays
(Buehner & McGregor, 2009; Shanks, Pearson, & Dickinson,
1989). Thus, if action-effect-related motor adaptation is indeed a
strategic process, force adjustments related to auditory feedback
should be observable even if the sensory effect occurs a few
seconds after the action was executed.

There are some experimental results that challenge the strategic
account of action-effect-related force adaptation: A number of
studies investigating the effect of auditory feedback delay on the
production of complex manual movement patterns at fast rates
found that even small delays (i.e., 200–300 ms) disturbed both
movement initiation and execution (playing a musical instrument:
Finney, 1997; Gates & Bradshaw, & Nettleton, 1974; Pfordresher
& Palmer, 2002, 2006; Morse coding: Howell, Powell, & Khan,
1983; clapping: Kalmus, Denes, & Fry, 1955; or finger tapping
Chase, Harvey, Standfast, Rapin, & Sutton, 1959, 1961; Finney &
Warren, 2002). Although these studies focused primarily on
movement-timing, it has also been observed that actions with
delayed effects were stronger than actions with immediate effects.
This force difference, however, may be brought about by several
characteristics of these experiments. The guiding idea behind these
studies was that delayed auditory stimuli disturbed pattern produc-
tion, as the delayed sound stream interfered with the intended
timing of the actions, and with the timing of the sensory feedback
coming from other modalities (tactile, visual). This interference
between different information streams provides a plausible expla-
nation for disturbances in action timing when auditory effects are
delayed. Consistent with timing effects, force differences between
conditions with immediate and delayed auditory feedback might
also arise from compensating with increased force in the delayed
feedback condition for the interference caused by the delayed
auditory effects. (That is, increased forces help to accentuate the
actions, which makes it easier to keep track of the timing, and to
produce precise movement patterns in conditions that are noisy
because of the delayed stimuli.) However, force differences can be

also interpreted in the optimization framework: Stronger forces for
actions with delayed effects might indicate that there is a short
time-window for using sensory effects as feedback for controlling
the actions (Chase, 1965a, 1965b; Karlovich & Graham, 1966,
1967). This latter idea would be difficult to reconcile with the
strategic account of action-effect-related motor adaptation, which
assumes that force optimization relies exclusively on the represen-
tation of causality between the action and effect.

In the current study—similarly to previous delayed auditory
feedback experiments—the influence of action-effect delay on the
physical characteristics of movements was investigated. However,
effects of interference and feedback/optimization cannot be distin-
guished by tasks that require producing fast, complex movement
patterns. Thus, we administered the paradigm previously used by
Neszmélyi and Horváth (2017), which provides ideal circum-
stances for a strategic stepwise movement optimization, and re-
duces the possibility of interference caused by the delayed auditory
effects: A single action (pinching an FSR) was repeated multiple
times; the timing of the actions was freely determined by the
participant and did not adhere to a fixed rhythmic pattern; and
between-action intervals were much longer than in previous ex-
periments (thus, action effects did not overlap temporally with
subsequent actions). These settings made it possible to assess
“genuine” delay effects independently from interference phenom-
ena. It was hypothesized that if action-effect-related adaptation
relied on a strategic process, force optimization would be observ-
able even at second-long delays (as far as causal connections could
be readily recognized). On the other hand, if adaptation relied on
a more “primitive” integration of action and effect, temporal
constraints would be much stricter, and at long delays the feedback
information provided by the auditory stimulus would have no
influence on the execution of the actions.

Experiment 1

In the first experiment participants performed actions (pinching
an FSR), which elicited sine tones with various delays in separate
blocks (and there was a further control condition without auditory
effects), in a time interval production task. In this experiment a 0-
to 1,600-ms range of action-effect delays was explored, as studies
investigating motor-sensory interactions indicate that action-effect
binding may happen with delays at least up until 1 s (Elsner &
Hommel, 2004; Humphreys & Buehner, 2009; Shanks et al.,
1989). The range of delays was selected by taking into account the
range of acceptable between-action intervals (4–8-s, see below).
Although the longest (1,600 ms) delay was still relatively close to
the 1-s limit referred to above, longer delays might have compro-
mised the experiment, as participants could have used the sounds
as reference points for the interval production task, which might
have caused differences in attention attributed to the auditory
stimuli, or lead to the formation of associations between the effect
and the next action.

The logic of the experiment was that, if effect-dependent motor
adjustment processes were limited to a certain delay-range, no
optimization (i.e., force differences in comparison to actions with-
out auditory consequences) should be observed for actions with
auditory effects that fall outside that range.
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Method

Participants. Twenty-eight healthy young adult students of
the Eötvös Loránd University (age: 18–24 years, women: 26,
right-handed: 27) participated in the experiment for course credit.
Participants reported normal hearing and no history of psychiatric
or neurological disorders. They gave written consent after the
experimental procedures were explained. The experimental proto-
col (as well as those in Experiment 2, and 3, see below) conformed
to the guidelines of the Declaration of Helsinki, and was approved
by the United Ethical Review Committee for Research in Psychol-
ogy (Hungary).

Stimuli, task, procedure. During the experiment participants
were seated comfortably in a sound proofed room. The experiment
(as well as Experiments 2 and 3) was written and presented in
Octave (Eaton, Bateman, Hauberg, & Wehbring, 2014), using the
Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997)
provided by the NeuroDebian (Halchenko & Hanke, 2012) soft-
ware repository.

Participants were instructed to apply brief force impulses to a
thin force sensitive resistor (FSR 400, Interlink Electronics) fixed
on a thin plastic sheet that they held between the thumb and the
index finger (i.e., they were pinching the device, with the thumb
positioned above). Participants were instructed to perform the
actions—that is, apply pinch impulses—so that between-action
intervals within a block would show a uniform distribution in the
4–8-s range. They were asked to try to distribute intervals ran-
domly and not follow some systematic pattern. The uniform target
distribution was selected to keep participants engaged in the task,
and to reduce the automaticity of action generation (in contrast
with tasks requiring the production of an even rhythm). The choice
of between-action intervals also guaranteed that the delay between
action and effect was considerably shorter than the interval be-
tween the effect and the next action.

Applying pressure changed the resistance of the FSR that re-
sulted in a voltage change in the FSR-signal. When the signal
exceeded a predetermined threshold (1.222 V corresponding to a
force measure of 0.158 N) after a 10-ms interval in which the
signal was continuously below the threshold, the response device
registered an action.

In five conditions, administered in separate experimental blocks,
the registration of an action was followed by the presentation of a
sine tone (duration: 50-ms, including 10-ms linear rise and 10-ms
linear fall times; frequency: 1000 Hz; intensity: 90 dB SPL;
through HD-600 headphones, Sennheiser, Wedemark, Germany)
with delays of 0, 200, 400, 800, or 1600 ms. (Because of hardware
limitations, beside the delays used in the description an additional
5-ms delay occurred in each condition.) Additionally, a motor
condition was administered in a separate block, in which actions
had no auditory effects.

The experiment was the second part of an experimental session
consisting of two experiments (see, Figure 1). As the first exper-
iment required the involvement of naïve participants with regards
to the interaction with the response device, the use of the FSR was
not practiced before starting the experiments. (The correct use of
the device was demonstrated by the experimenter.) However,
during the first part of the session participants had extensive
experience with the FSR. As the elicited tone and the device
settings (action-threshold) were the same in both experiments, by
the start of the experiment reported here, participants were already
familiar with use of the FSR.

To familiarize themselves with the interval production task,
participants performed short versions (25 trials) of the experimen-
tal blocks before the start of Experiment 1. In the first training
block, feedback about action timing was immediate: a histogram of
the between-action intervals with 1-s bins was presented on a
screen, which was updated immediately after each action. In the
second training block, such feedback was only provided at the end
of the block. During these two training blocks, actions elicited no
auditory effects.

After the training phase, participants performed the six experi-
mental blocks (one for each condition). The blocks were presented
in random order, with short breaks (1 min) between them. Each
block consisted of 50 trials. At the end of each block, participants
received feedback on their performance: As in the second training
block, a histogram of the between-action intervals was presented
on the screen.

Data acquisition. The FSR-signal was recorded with a Syn-
amp2 EEG amplifier (Compumedics Neuroscan, Victoria, Austra-

Figure 1. Experimental blocks completed by the participants in the experimental session that included
Experiment 1.
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lia), on its high-level input channel, with a sampling rate of 1000
Hz (online low-pass filtered at 200 Hz, i.e., DC-200 Hz range).
Before analysis, the signal was transformed to force values by
applying an exponential transformation (Interlink Electronics,
2016). Two-second epochs (1 s pre- and 1 s postaction), time-
locked to the crossing of the FSR-threshold, were extracted from
the continuous FSR-signal. Epochs were discarded if another ac-
tion was present in the 1 s preceding or the 0.5 s after the action.
Results of a previous study (Neszmélyi & Horváth, 2017) suggest
that the first few pinches in a block might be used for a stepwise
optimization of the interaction with the device; thus, the first 10
epochs of each block were discarded, as in the current experiment
a comparison of the stabilized force-sets was aspired to rather than
the exploration of the adjustment phase.

Data analysis. Mean between-action intervals were calculated
for each participant in each condition, which were submitted to a
one-way repeated measures analysis of variance (ANOVA).

Actions were characterized in two ways. First, as in the study by
Neszmélyi and Horváth (2017) each action was characterized by
the maximal force signal in the 800 ms after the crossing of the
force threshold. For each participant, in each condition, the median
of the pinch forces in the given condition was determined. The
differences between conditions were explored by pairwise Wil-
coxon signed-ranks test (with Holm correction). Effect sizes are
reported as rank biserial correlations (Kerby, 2014; King, Rosopa,
& Minium, 2011). Statistical analyses were conducted in R (Ver-
sion 3.0.2., R Core Team, 2015), figures were designed using the
ggplot2 package (Wickham, 2009). Second, because peak force
may be influenced by online motor control processes responding to
the onset of the elicited tones, the same analyses were also con-
ducted for the impulse (integral of the force signal) measured in
the 10- to 60-ms interval. It is unlikely that force parameters would
be adjusted within 60 ms of the onset of the elicited tone; thus, this
measure should reflect differences in action planning only. Anal-
yses using the force impulse measure, and further considerations
regarding the contribution of online control mechanisms to action-

effect-related motor adaptation are presented in the online supple-
mentary material.

Force values for actions with and without auditory effects ob-
tained in a precursor experiment (Neszmélyi & Horváth, 2017)
were submitted to a Wilcoxon signed-ranks test (in the original
article actions were compared by paired Student’s t test). The
analysis yielded T � 0, p � .001 corresponding to an effect size of
1 (matched-pairs rank biserial correlation coefficient; Kerby, 2014;
King et al., 2011). At an � level of .003 (� level of .05 corrected
for 15 pairwise comparisons), a sample size of 6 is sufficient to
reveal an effect of this magnitude with a statistical power of 80%.
The precursor study, however, only shows the influence of imme-
diate auditory effects on actions executed with the FSR. Whether
delayed action consequences would show effects of similar mag-
nitude, was not known before the current experiment. With the
sample size used in the study (28 participants), effect sizes higher
than .638 (corresponding to Ts below 73.580) can be detected with
a statistical power of at least 80%.

Results

Participants complied with the instructions, as most between-
action intervals fell into the 4–8-s range (Figure 2). The one-way
analysis of variance (ANOVA) comparing individual mean
between-action intervals across conditions showed no significant
effect.

The auditory effect significantly influenced the applied force
only if it followed the action within 200 ms (Table 1, Figure 3).
The applied forces did not significantly differ from that in the
motor condition for delays longer than 200 ms.

Discussion

The results of Experiment 1 indicated that there was indeed a
temporal action-effect delay limit for action-effect-related motor
adaptation. Only self-induced tones following the actions with a

Figure 2. Histograms of between-action intervals in the six conditions of Experiment 1. (All registered actions
of all participants. There were a few instances in all conditions when actions were registered immediately after
another action; however, according to epoch-rejection criteria, these actions were not included in the analyses.)
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delay no longer than 200 ms contributed significantly to action-
effect-related motor adaptation. (Although, even motor adaptation
with 200-ms delays was not nearly as efficient as in the case of
auditory effects with no delay.) For longer delays, no motor
adaptation could be observed: Actions that elicited auditory effects
with a delay of 400 ms, or more, did not differ significantly from
actions with no extrinsic effects. The observed time-window for
action-effect-related motor adaptation is substantially shorter than
the temporal constraints for causality judgments or for sensory-
motor interactions that supposedly rely on causal relations (e.g.,
ideomotor action control: Elsner & Hommel, 2004; intentional
binding: Humphreys & Buehner, 2009). According to our initial
hypothesis, this indicates that action-effect-related motor adapta-
tion is not a strategic process, and requires a different form of

action-effect integration, than phenomena based on causal repre-
sentations.

The dependency of motor adaptation on action-effect delay
reported in this study is similar to those observed in rhythmic
tapping experiments (Chase et al., 1959, 1961; Chase, Rapin,
Gilden, Sutton, & Guilfoyle, 1961; Finney & Warren, 2002; Kar-
lovich & Graham, 1966, 1967; Ruhm & Cooper, 1963, 1964).
Whereas in those studies force differences between conditions
with immediate and delayed feedback could also be attributed to
interference between different information sources (action execu-
tion, tactile feedback, and auditory feedback), in the current study,
potential contributions of similar interference effects can be con-
sidered insignificant, and the observed force differences can be
attributed to auditory action effects losing their feedback-function

Table 1
Pairwise Comparison (Wilcoxon Signed-Rank Tests, With Holm Correction) of the Six
Conditions With Different Action-Effect Delays in Experiment 1

Condition/
action-effect delay 0 ms 200 ms 400 ms 800 ms 1,600 ms

200 ms 5��� (.975) — — —
400 ms 0��� (1.0) 84� (.586) — — —
800 ms 0��� (1.0) 97 (.522) 184 (.094) — —
1,600 ms 0��� (1.0) 30��� (.852) 90 (.557) 138 (.320) —
Motor 0��� (1.0) 43��� (.788) 89 (.562) 102 (.498) 161 (.207)

Note. For the Wilcoxon signed-rank tests T values are displayed (with the r rank biserial correlation coefficient
in parentheses).
Significance values: � p � .05. �� p � .01. ��� p � .001.

Figure 3. Left: Tukey plots displaying the distribution of the individual applied force in the different conditions
in Experiment 1. (Horizontal lines display the median of the group, upper and lower hinges of the box the 1st
and 3rd quartiles, whiskers cover data points within the 1.5 interquartile range below and above the 1st and 3rd
quartiles, respectively, and points represent values that fall outside the range covered by the whiskers.) Right:
Temporal force profiles of all pinches of a representative participant in the six conditions. See the online article
for the color version of this figure.
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with increasing action-tone delay. Indeed, it seems possible that
the decreasing action-effect integration with longer delays ob-
served in the present study might have contributed to force-
increases in the cited rhythmic tapping studies (Chase, 1965a,1965b;
Karlovich & Graham, 1966, 1967).

It has to be noted that the delay effects observed in the exper-
iment could be also plausibly explained by referring to online
control mechanisms (i.e., an immediate reaction to the sensory
stimulus): If participants increase pressure until the auditory effect
signals that the action was successful, stimuli presented with a
short delay can result in earlier release of the device and thus in
reduced forces. (Release might be also initiated if tactile stimula-
tion reaches a certain level, even if auditory effects are not elicited,
which could explain how releasing the device is induced in the
motor condition.) However, based on previous studies (Horváth,
Bíró, & Neszmélyi, 2018) and additional analyses of the current
results (see online supplementary material) it seems likely that the
tone eliciting movements used in the current study can be indeed
regarded as ballistic and action-effect-related motor adaptation is
mainly determined by offline mechanisms of action planning.
Thus, in the following, we focus on explanations that are related to
such offline processes, and the potential contribution of online
control is discussed in the online supplementary material.

It is also important to consider that Experiment 1 was adminis-
tered immediately after participants completed another experiment
(not reported in the current study), which investigated processes of
action-effect-related motor adaptation in a between-groups ar-
rangement (see Figure 1). Although a short break and additional
training blocks were inserted between the two experiments, par-
ticipants assigned to different groups in the preceding experiment
had different experiences at the onset of Experiment 1. As the
results of a later experiment (Experiment 3, below) indicated that
differences in prior experience may influence action-effect-related
motor adaptation, the results of Experiment 1 could have been
affected by carry-over effects. To test this possibility, participants
in Experiment 1 were divided into groups according to their group
assignments in the preceding experiment, and applied force was
compared between these groups in each condition. Also, all force
analyses related to Experiment 1 were performed separately for the
two groups. The results did not indicate any carry-over effects:
Pinch forces did not differ for the two groups in any of the six
conditions. Also, the pattern of delay effects described above was
clearly observable in both groups (see online supplementary
material).

Experiment 2

The results of Experiment 1 indicate that the usefulness of
auditory action effects for motor adaptation ceases with action-
effect delays longer than ca. 200 ms. The goal of Experiment 2 was
to replicate these results, and provide a picture of this effect with
a finer temporal resolution in the 0- to 200-ms action-effect delay
range.

Method

Participants. Twenty-eight healthy young adult students of
the Eötvös Loránd University participated in the experiment. None
of them took part in Experiment 1. The students received course

credit for participation. They reported normal hearing and no
history of psychiatric or neurological disorders, and gave written
informed consent after the experimental procedures were ex-
plained. Because of device malfunction, one dataset was excluded
from the analysis. The final sample consisted of 27 participants
(aged: 18–25, women: 20, right-handed: 22).

Stimuli, task, procedure. The experimental design was iden-
tical to that of Experiment 1, with three exceptions: First, delays of
0, 50, 100, and 200 ms were utilized. (Because of hardware
limitations, the actual delays were 5 ms longer in each condition,
as in Experiment 1). Second, as action-effect delays were shorter
than in Experiment 1, target between-action interval was shortened
to 2–6 s. (We assumed that this would still not lead to substantial
interference between the auditory effect and the following action.)
Third, the intensity of the auditory effect (i.e., the 1000 Hz, 50-ms
sine tone) was 75 dB SPL.

Similarly to Experiment 1, Experiment 2 was also the second
part of an experimental session consisting of two experiments (see
Figure 4). In the first part of the session (reported as Experiment
3 in the current study), participants were familiarized, and had
extensive experience with the device (see Experiment 3, below).
After finishing this first experiment, participants performed a
practice block to familiarize themselves with the interval produc-
tion task. This was the same as the interval production practice for
Experiment 1 (immediate feedback about the produced intervals,
and no auditory effects elicited by the actions), with temporal
parameters adjusted to the task in Experiment 2 (i.e., 2- to 6-s time
range).

Data acquisition, data analysis. Data acquisition and analy-
sis was the same as in Experiment 1. To correct for potential
violations of the sphericity assumption in the one-way ANOVA of
the mean between-action intervals, Greenhouse-Geisser correction
was applied (uncorrected degrees of freedom, the ε correction
factor, and corrected p values are reported). To follow-up the
significant ANOVA effect, pairwise Student’s t tests were used.
(As in the case of Experiment 1, analyses using the force impulse
measure are reported in the online supplementary material.)

Although the influence of action-effect delays shorter than 200
ms were not assessed previously, it could be assumed that the
effects will not be smaller than observed in the 200 ms delay
condition of Experiment 1. The comparison of the motor and 200
ms delay conditions in Experiment 1 (see Experiment 1 Results)
yielded an effect size of .788, for which a sample size of 15 is
sufficient to reveal an effect with a statistical power of 80% at an
� level of .005 (.05 corrected for 10 pairwise comparisons). With
the sample size used in the study (27 participants), effect sizes
higher than .630 (corresponding to Ts below 69.882) can be
detected with a statistical power of at least 80%.

Results

Participants were successful in keeping between-action intervals
in the 2- to 6-s range (see Figure 5). The ANOVA comparing the
(individual) mean between-action intervals indicated a significant
effect: F(4, 104) � 7.686, ε � .605, p � .001, �2 � .143).
Pairwise paired t tests showed that between-action intervals in the
motor condition were significantly longer than in any other con-
dition. (motor – 0 ms delay: t(26) � 3.275, p � .003, d � 0.630;
motor – 50 ms delay: t(26) � 3.982, p � .001, d � 0.766; motor –
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100 ms delay: t(26) � 2.947, p � .007, d � 0.567; motor – 200 ms
delay: t(26) � 3.149, p � .004, d � 0.606), but there were no
significant differences between conditions with auditory feedback.

The applied force gradually increased as a function of action-
effect delay, that is, force optimization decreased with the delay
(Table 2, Figure 6). Confirming the results of Experiment 1, the
auditory effect can be used to optimize the eliciting action up to a
delay of at least 200 ms.

Discussion

Experiment 2 showed that in the 0- to 200-ms delay range
action-effect-related motor adaptation decreased gradually with
increasing action-effect delay. The results indicate that even at the
shortest delays (50 ms), the level of adaptation was reduced by the
action-effect interval. In the case of manually elicited sounds, a
delay of 100 ms is usually not recognized by participants (Elijah,
Le Pelley, & Whitford, 2016). Thus, it seems that similarly to

perceptual processing of self-induced sounds (Aliu, Houde, &
Nagarajan, 2009; Cao, Veniero, Thut, & Gross, 2017; Oestreich et
al., 2016; Stetson, Cui, Montague, & Eagleman, 2006; Whitford et
al., 2011), motor processes can also be affected by delaying the
sensory consequences of the actions, even when the delays are not
consciously recognized.

It is important to note that similarly to Experiment 1, Experi-
ment 2 was also administered immediately after participants com-
pleted another experiment that applied a between-groups design
(Experiment 3). Therefore, Experiment 2 was also tested for carry-
over effects. The same method was applied as in Experiment 1:
Participants were divided into two groups, according to their
assignment in Experiment 3. Applied force was compared between
the groups in each condition, and all force analyses related to
Experiment 2 were performed separately for the two groups. The
results showed that a carry-over effect was indeed present, but
the pattern of delay effects described above was clearly observ-

Figure 4. Experimental blocks completed by the participants in the experimental session that included
Experiments 2 and 3.

Figure 5. Histograms of between-action intervals in the five conditions of Experiment 2. (All registered actions
of all participants included in the final sample.)
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able in both groups (see online supplementary material). That
is, the carry-over effects did not substantially affect the main
findings of Experiment 2.

Experiment 3

Experiment 1 and 2 showed that the delay between action and its
auditory effect influenced the level of force adaptation for tone-
eliciting actions, that is, the use of auditory effects for action control
was subject to temporal constraints. From these experiments, it re-
mained, however, unclear whether these constraints were absolute, or
depended on other factors. Experience with different action-effect
delays seems to affect other types of sensory–motor interactions (Aliu

et al., 2009; Cao et al., 2017; Elijah et al., 2016; Stetson et al., 2006).
The goal of Experiment 3 was to examine whether action-effect-
related motor adaptation is also influenced by previous experience
with action-effect conjunctions.

Although the temporal constraints of force optimization ob-
served in Experiment 1 and 2 suggest that causal representations
acquired by associative learning mechanisms are not sufficient for
action-effect-related motor adaptation, this interpretation relies on
the assumption that a strong causal action-effect association was
also present in conditions with long action-effect delays (i.e., 400
ms and longer). Although this seems likely, the possibility cannot
be excluded that the delay-related differences in action-effect-
related motor adaptation reflect some gradual change in the acqui-
sition of causal action-effect association (that might not even be
captured in the subjective experience). That is, at longer delays
such associations might be weaker, or might be established more
slowly. Experiment 3 aimed to investigate this possibility, without
relying on participant’s subjective reports. We assumed that if
optimization relied on acquiring causal associations, extensive
experience with action-effect conjunctions could result in a form
of hysteresis: Binding the action and a delayed effect might be
easier if the causal relationship between the two events was al-
ready established previously in a condition where the action was
immediately followed by the auditory consequence.

Two groups of participants, who had no prior experience with
the device used in the study, were adapted either to an action-effect
delay of 0 ms, or 400 ms. After the adaptation period, in the test

Table 2
Pairwise Comparison (Wilcoxon Signed-Rank Tests, With Holm
Correction) of the Five Conditions With Different Action-Effect
Delays in Experiment 2

Action-effect
delay/condition 0 ms 50 ms 100 ms 200 ms

50 ms 54�� (.701) — — —
100 ms 30��� (.841) 115 (.392) — —
200 ms 1��� (.995) 26��� (.862) 6��� (.968) —
Motor 0��� (1.0) 0��� (1.0) 3��� (.984) 14��� (.926)

Note. For the Wilcoxon signed-rank tests T values are displayed (with the
r rank biserial correlation coefficient in parentheses).
Significance values: � p � .05. �� p � .01 ��� p � .001.

Figure 6. Left: Tukey plots displaying the distribution of the individual applied force in the different conditions
in Experiment 2. Right: Force sensitive resistor (FSR) force profiles of all pinches of a representative participant
in the five conditions (Experiment 2). See the online article for the color version of this figure.
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condition both groups performed actions with a 200-ms action-
effect delay. It seems plausible that the group exposed to a 0-ms
action-tone delay had a better opportunity to establish an action-
effect association than the group performing actions with a 400-ms
delay. If action-effect-related motor optimization relied on such an
association, one would expect that the 0-ms delay-adapted group
would show a better performance (i.e., a force level closer to the
optimum) in the following 200-ms test condition, because they had
a better opportunity to establish the action-effect association.

Method

Participants. The sample in Experiment 3 was the same as in
Experiment 2. Participants completed the two experiments in one
session (starting with Experiment 3).

Stimuli, task, procedure. At the beginning of the experimen-
tal session, participants learned about the force level necessary to
produce actions that are registered as such by the device. They
were instructed to apply various amounts of pinch force to the
device and the corresponding signal was continuously displayed
on a screen in the form of a blue vertical bar that changed its length
as a monotonic function of the force. When the applied force was
above the threshold, the color of the bar turned green. Participants
were encouraged to explore how the visual representation of the
signal changed during the interaction with the device.

The experimental setup was the same as in Experiment 2, with
the exception of the interval production task: Here participants
were instructed to perform the actions at a constant pace (once
every 3 s). To familiarize themselves with this interval production
task, participants completed a short training block (30 trials). In the
training block feedback about action timing was immediate: After
each action, the duration of the last between-action interval was
displayed on the screen. During the training block, actions did not
elicit auditory effects.

The experiment consisted of four blocks with different action-
effect delays. The interval production task was the same for all
blocks. First, participants completed a motor block. This was
similar to the training block: Actions did not elicit auditory effects.
However, the block was longer (60 trials, ca. 3 min) and—as in all
experimental blocks—participants only received feedback about
the interval production task at the end of the block. Second, in a
long (180 trials, ca. 9 min) adaptation block, participants were
adapted to a certain action-effect delay. Participants were divided
into two groups. For one group, auditory effects followed the
actions with a delay of 0 ms (N � 14, aged: 18–25, women: 9,
right-handed: 12). For the other group, the action-effect delay was
400 ms (N � 13, aged: 20–24, women: 11, right-handed: 10). The
third block was the test block (60 trials, ca. 3 min). During this, the
action-effect delay was 200 ms for both groups. The test block was
started immediately after the adaptation block was finished, how-
ever, as stimulus presentation and data recording programs had to
be started, there was a short delay between the two blocks. This
delay before the test block was not significantly different for the
two groups (0-ms delay-adapted: M � 32.357 s, SD � 10.696 s;
400-ms delay-adapted: M � 28.214 s, SD � 4.061 s). Finally,
participants completed a control block. During this, action-effect
delays were reversed for the two groups (compared with the
adaptation block): the 0-ms delay-adapted group performed ac-
tions with 400-ms action-effect delays, while auditory effects were

delayed by 0-ms for the 400-ms delay-adapted group. (As in the
previous experiments, because of hardware limitations, the actual
delays were in all cases longer by 5 ms than indicated in the
description of the task.)

Data acquisition. Recording and preprocessing (epoch selec-
tion, and rejection criteria) of the FSR-signal was the same as in
Experiments 1 and 2, except the first trials of the blocks were not
discarded.

Data analysis. Individual between-action intervals in the four
conditions were measured as in Experiments 1 and 2. As the task
differed for the two groups in two of the four conditions (different
action-effect delays in the adaptation and control conditions), the
between-action intervals for the groups were analyzed separately.
The individual between-action intervals were submitted to two
one-way repeated measures ANOVAs (with Greenhouse-Geisser
correction, as described above). Differences were further explored
by pairwise paired samples Student’s t tests. The force applied by
each participant in a given condition was characterized as in the
other two experiments: by the median of the peak pinch forces
produced by the participant in that condition.

The main question of the experiment was whether there was a
difference in applied force between the two groups in the test
block. To test this, individual force values of the two groups were
submitted to a Wilcoxon’s rank sum test. To assess further differ-
ences induced by adaptation to different action-effect delays,
between-groups differences (in pinch forces) in the other three
conditions were also examined by Wilcoxon’s rank sum tests. To
estimate effect sizes for the between group comparisons nondirec-
tional rank biserial correlations were calculated, using the Wendt
formula (Kerby, 2014).

Because the adaptation block comprised more than three times
as many actions as the blocks in Experiment 1 and 2, we also
performed an exploratory analysis of the time-course of the opti-
mization. The adaptation block was divided into three parts. Me-
dian pinch forces in each block part were calculated for each
participant. To examine if force differences between the 400-ms
and 0-ms delay still persisted after longer practice, pinch forces
were compared between groups for each block part using Wilco-
xon’s rank sum tests. The forces between block parts were also
compared by Friedman’s test, separately for the two groups. Sig-
nificant differences were followed up by pairwise Wilcoxon
signed-ranks test.

Results

The repeated measures ANOVAs of the between-action inter-
vals (see Table 3) showed significant condition effects in both
groups (0-ms delay-adapted group: F(3, 39) � 3.763, ε � .661,
p � .037, �2 � 0.183; 400-ms delay-adapted group: F(3, 36) �
8.213, ε � .597, p � .003, �2 � 0.286). As in Experiment 2, the
condition effect was caused by longer between-action intervals in
the motor in comparison to those in the other blocks, the between-
action intervals in the conditions with auditory effects did not
differ significantly: In the 400-ms delay-adapted group, between-
action intervals in the motor condition were significantly longer than
in any other condition (motor-adaptation (400-ms delay): t(12) �
3.774, p � .003, d � 1.047; motor-test (200-ms delay): t(12) � 2.967,
p � .012, d � 0.823; motor-control (0-ms delay): t(12) � 3.601, p �
.004, d � 0.999), and similar differences could also be observed in the
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0-ms delay-adapted group (motor-adaptation (0-ms delay): t(13) �
2.408, p � .032, d � 0.644; motor-test (200-ms delay): t(13) � 2.676,
p � .019, d � 0.715; motor-control (0-ms delay): t(13) � 2.477, p �
.028, d � 0.662).

As shown in Figure 7, in the test block, actions were signifi-
cantly stronger in the 0-ms delay-adapted group than in the 400-ms
delay-adapted group (U � 36, p � .007, r � .604). This is the
opposite of that observed in the adaptation blocks themselves, in
which—corresponding with the influences of action effect delay
observed in Experiment 1—the no-delay group was characterized
by a more pronounced optimization (i.e., softer actions, U � 34,
p � .005, r � .626). In the motor condition, there was no
significant difference between the two groups (U � 64, p � .202,
r � .297). There was a significant difference between the two
groups in the control condition (U � 8, p � .001, r � .912):

Participants who in this phase elicited tones with 400-ms delays
applied more force during actions than those who were performing
actions that were immediately followed by the auditory stimulus.
Note that between-groups differences in the control block cannot
be unambiguously interpreted, because in this block, action-effect
delays differed for the two groups. Also, adaptation to different
action-effect delays established previously might have still per-
sisted at this point. However, the difference between the two
groups is consistent with the influence of delay on action-
optimization that was observed in Experiment 1 and 2.

As shown in Figure 8, in the adaptation block, force-differences
between the two groups were significant in the first (U � 28, p �
.002, r � .692), second (U � 44, p � .022, r � .516), and also in

Table 3
Between-Action Intervals for the Two Groups in the Four Conditions of Experiment 3

Group

Motor Adaptation Test Control

M SD M SD M SD M SD

0-ms delay-adapted (no tone) (0 ms delay) (200 ms delay) (400 ms delay)
3.403 0.580 2.869 0.549 2.999 0.253 3.018 0.247

400-ms delay-adapted (no tone) (400 ms delay) (200 ms delay) (0 ms delay)
3.436 0.525 2.851 0.365 2.882 0.337 2.948 0.297

Note. The delay values in parentheses above the mean and SD values display the action-effect delays for the
groups in the given condition.

Figure 7. Tukey plots showing the distribution of individual pinch force
values in the four conditions of Experiment 3. Data of the two groups are
displayed separately, the 0-ms delay-adapted group with orange (white), the
400-ms delay-adapted group with green (gray) color. Action-effect delays for
the two groups in each condition are displayed next to the whiskers of the
boxplot. See the online article for the color version of this figure.

Figure 8. Tukey plots showing the distribution of individual pinch force
values in the first (trials: 1–60), second (trials: 61–120), and third (trials:
121–180) part of the adaptation block in Experiment 3. Data of the two
groups are displayed separately; the group adapted to 0-ms delays with
orange (white), the group adapted to 400-ms delays with green (gray)
color. See the online article for the color version of this figure.
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the third (U � 46, p � .029, r � .495) block part. This suggests
that even at the end of a ca. 9 min long adaptation period,
optimization still did not reach the level of optimization achieved
with zero action-effect delay. The Friedman’s tests comparing
force values showed a significant block-part effect for the 400-ms
delay-adapted group, �2(2) � 9.846, p � .007, as well as for the
0-ms delay-adapted group, �2(2) � 8.714, p � .013, that is, the
level of optimization changed during the adaptation block in both
groups. In the group adapted to 400-ms delay, pairwise compari-
sons showed significant differences between all block-parts (1st
and 2nd: T � 16, p � .040, r � .648; 1st and 3rd: T � 4, p � .002,
r � .912; 2nd and 3rd: T � 11, p � .013, r � .758), indicating a
gradual, but consistent optimization during the block. For the 0-ms
delay-adapted group the applied force was significantly stronger in
the first than in the third (T � 15, p � .017, r � .714), and
marginally stronger than in the second (T � 25, p � .091, r �
.524) part. There was, however, no significant difference between
the second and third block parts, suggesting that for this group
optimization happened faster, at the beginning of the block.

Discussion

The results confirmed that action-effect-related motor adapta-
tion was affected by previous experience with action-effect con-
junctions: Participants who trained with a longer action-effect
delay (400 ms) were better in using a less delayed (200 ms)
auditory effect for optimizing their motor act, than those who were
first adapted to an interaction with immediate effects. Consistent
with studies about sensory attenuation (Cao et al., 2017; Elijah et
al., 2016) and action effect reversal (Stetson et al., 2006), these
results indicate that the temporal constraints of action-effect inte-
gration underlying action-effect-related motor adaptation are not
absolute, but depend on prior experience.

On the one hand, the effect of experience was the opposite of
what could be expected based on the associative learning frame-
work. It seems that establishing stronger action-effect associations
by having experience with immediate auditory action effects did
not contribute to better force optimization at an intermediate delay.
On the contrary: Experience with longer delays (400 ms) led to
more pronounced optimization in the 200-ms delay test block. This
might confirm the interpretation of Experiment 1, that action-
effect-related motor adaptation is not a strategic process relying on
causal action-effect representations (see General Discussion).

On the other hand, within-block tendencies observed in the
experiment might rather support the interpretation that action-
effect-related motor adaptation is related to establishing causal
associations, and the delay-related differences in optimization (as
observed in Experiment 1) only reflect different time-course for
establishing action-effect associations with short and long delays.
Explorative analysis of force development in the 9-min adaptation
block expanded on the results of the first two experiments, by
indicating that the 200-ms limit for action-effect-related motor
adaptation is not absolute: It seems, that given sufficient practice,
motor adaptation could also occur with action-effect delays longer
than 200 ms. (Although, after 180 action repetitions performed in
ca. 9 min, there was still a significant force difference between
participants performing actions with immediate and 400 ms de-
layed auditory effects. This might mean that even after extended
practice, action control is less effective when relying on substan-

tially delayed auditory effects, but it could also indicate that
adaptation was still in progress at the end of the adaptation period.)

The associative account might also provide an explanation for the
influence of experience on subsequent interactions with a device.
Causal judgments have been shown to depend on previously experi-
enced action-effect delays, extended practice with longer action-effect
delays can “overwrite” expectations of immediate effects (Buehner &
May, 2004; Buehner & McGregor, 2006). Similarly for action-effect-
related motor adaptation: More effective optimization in the test
condition (200-ms delay) by the 400-ms delay-adapted group might
be explained by those participants already having established expec-
tations for delayed auditory effects (instead of immediate ones), or by
them being trained in association-forming with a longer interval
between action and sensory effect. This interpretation presupposes
that the fast force optimization with short and the slow optimization
with long action-effect delays reflect the same process. However, it
could also be argued that these are two separate phenomena (see
General Discussion).

It is important to note that the task in Experiment 3 (constant
interval production) differed from those in Experiment 1 and 2
(random interval production). Action-effect-related motor adapta-
tion has been observed previously with both of these tasks (Hor-
váth et al., 2018; Neszmélyi & Horváth, 2017), but we are unaware
of any studies investigating potential task-related differences. Cur-
rently no results indicate that tendencies observed in any of the
three experiments would be specific to the respective task. Indeed,
results of Experiment 3 are consistent with those of Experiment 1
and 2: For both Experimental groups, force values in the 200-ms
delay condition were similar in Experiment 2 and 3. Also, in
Experiment 3 during the first block part of the 400-ms delay
adaptation block (first 60 trials) forces were not significantly
different from those in the motor block (consistent with the results
of Experiment 1 in which one block included 50 trials). The slow
adaptation that was observed during the course of the block is
more likely a result of extended exposure than some effect related
to the interval production task.

General Discussion

The present study showed that despite a fully contingent action-
effect relationship, action-effect-related motor adaptation was con-
strained by the delay between the action and its auditory effect.
The experiments showed that the magnitude of adaptation fell off
with increasing delays. In Experiment 1 and 2, a gradual decrease
in force adaptation could be observed, with no significant adapta-
tion for delays over 200 ms. The results of Experiment 3 showed,
however, that this 200-ms temporal boundary was not absolute:
Following a prolonged exposure to a longer (400-ms) action-effect
delay resulted in significant motor adaptation in a 200-ms delay
test condition in contrast with the case when the 200-ms delay test
condition followed a similar exposure to a zero-delay action-tone
contingency.

We previously hypothesized (Horváth et al., 2018; Neszmélyi &
Horváth, 2017) that action-effect-related motor adaptation re-
flected the agent’s ability to rely on sensory effects, and utilize
them as signals of action-success. That is, in the case of an
action-tone contingency, the sound signaled that the interaction has
actually happened as intended. The present study challenges this
purely strategic interpretation of action-effect-related motor adap-
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tation: The experiments demonstrate that the causal action-effect
relationship is not sufficient for motor adaptation. Although we did
not measure causality or agency judgments, it seems obvious that
even at the longest delay (1,600 ms), the connection between
action and effect was easily recognizable. That is, even though
participants are aware that the just-performed action was success-
ful, their capability to optimize the motor parameters of their
forthcoming action decreases as the delay between the action and
its auditory effect grows. Indeed, in Experiment 1, at delays longer
than 200 ms, no motor adjustments were observable at all.

The present results seem to suggest that action-effect-related
motor adaptation has a more strict temporal constraint than some
other action-effect integration phenomena. The 200-ms limit is
much shorter than the few seconds long time-window reported in
studies investigating phenomena related to causal connections
(Elsner & Hommel, 2004; Humphreys & Buehner, 2009; Shanks et
al., 1989), but it is similar to those reported for action-related
sensory attenuation or action-effect reversal (Cao et al., 2017;
Oestreich et al., 2016; Stetson et al., 2006; Whitford et al., 2011).
This suggests that—similarly to these latter phenomena—action-
effect-related motor adaptation might rely on a form of action-
effect integration that is different from causal representations ac-
quired by associative learning mechanisms.

The present study addressed only the question whether there
were any temporal constraints for action-effect-related motor ad-
aptation. Nonetheless, several speculations can be put forward on
the underlying causes of the observed delay effects. The general
idea, outlined in the previous paragraphs, which explains the delay
effects with a time limit for automatic action-effect binding, can be
integrated into various theories on action planning and control. On
the one hand, within the ideomotor framework (Elsner & Hommel,
2001; Hommel, 2004, 2009; Kunde et al., 2004; Prinz, 1987)—that
focuses on the predictive aspect of motor control, emphasizing the
role of goals and expectations in action planning—the lack of
action-effect binding in the case of long action-effect delays could
mean that auditory stimuli outside a certain time-window are not
integrated into the action representations. The ideomotor theory
suggests, that action planning is driven by the sensory effects that
have been integrated into the action representation, thus, it is
plausible to assume that action planning is more efficient in cases
where distinctive external effects are linked to the actions. If
action-sound binding is compromised when the interval between
the two events is too long, only less reliable feedback modalities
(i.e., tactile, proprioceptive) can be utilized for action control,
which would explain the lack of optimization for delays above 200
ms. On the other hand, the close connection between optimization
processes and action-effect binding fits equally well with compu-
tational theories of action control (Adams, 1976; Franklin & Wol-
pert, 2011; Todorov, 2004; Wolpert, Diedrichsen, & Flanagan,
2011; Wolpert & Ghahramani, 2000). Even if action goals are not
attributed a significant role in planning the movements, the lack of
action-effect binding could compromise a retrospective evaluation
of movements and, thus, the planning and execution of subsequent
actions. That is, if the auditory stimulus is not linked to the
preceding movement it will not affect the evaluation of action-
success, and parameters of subsequent actions will be determined
similarly to actions that have no distinctive auditory consequences
(i.e., actions in the motor condition).

Both explanations above suggest that action optimization does
not happen at longer delays because the actions and the elicited
auditory stimuli are not bound together in representations that
govern action planning and control (although the causal relation-
ship between the two events can be most likely recognized.) Thus,
action control strategies (and as a result physical properties of the
actions) resemble the case when auditory effects are completely
absent. However, an alternate explanation, which does not rely on
action-effect binding being compromised by long delays, can also
be put forward: Kunde and colleagues (2004) suggested that dur-
ing action planning, agents strive for a certain level of combined
feedback intensity—a weighted sum of all available feedback
sources. If the intensity of one source of feedback is decreased,
actions will be adjusted to increase feedback intensity from other
sources. According to this theory action-effect-related motor ad-
aptation (i.e., force difference between actions with and without
distinctive auditory effects) might be caused by participants in-
creasing tactile stimulation intensity when auditory effects are
omitted. Delay effects in the current experiment could be ex-
plained by assuming that the weight of a sensory effect in the
combined overall feedback intensity decreases with temporal de-
lay. That is, when auditory feedback is delayed, its contribution to
the combined overall feedback intensity decreases, which partici-
pants compensate by increasing the applied force to increase the
contribution of tactile feedback intensity.

One might also argue that the apparent 200-ms limit could
actually be brought about by the block duration choices imple-
mented in the experimental paradigm. That is, because in Exper-
iment 1 and 2 exposure to different action-effect delays was
relatively brief (i.e., ca. 5 and 3.5 min in a single block), the
gradual, trial-by-trial development of motor adaptation might have
been cut short by the end of the experimental blocks. That is, the
observed between-condition differences might simply reflect dif-
ferences in the time needed for the development of the motor
adjustments at different delays. At longer delays, force optimiza-
tion could still be possible, but it might require more, or longer
exposure to the given action-effect conjunction than at short de-
lays, for which an action-effect binding is established quickly. The
gradual development of force optimization at 400-ms delay within
the (ca. 9 min long) adaptation block of Experiment 3 clearly
supports this idea.

The results also allow one to speculate that fast optimization
observed with immediate effects and short delays (requiring only
a few trials) and slow optimization with longer delays (possibly
requiring hundreds or thousands of trials) are qualitatively differ-
ent processes. While the slowly developing force optimization
might reflect a strategic process relying on understanding the
causal connection between the action and its delayed effect, fast
adjustments could point to a process automatically integrating the
motor and sensory components of the action. Indeed, models with
two adaptive processes working on different timescales have been
suggested for explaining various motor adaptation phenomena
(Shadmehr, Smith, & Krakauer, 2010).

Besides indicating the possibility for slow optimization at longer
delays, the results of Experiment 3 might also provide further
insight into the mechanisms of motor optimization with delayed
effects. Surprisingly, this experiment showed that exposure to
action-effect conjunctions with long delay (400 ms) between them
results subsequently in a more efficient force optimization in an
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intermediate delay condition (200-ms action-effect delay), than
extended practice with immediate auditory effects. Explaining this
result is not trivial, but the results of the explorative analyses might
allow some speculations. The continuous force adaptation through
the entire 400-ms delay adaptation block, and the absence of
similar adaptation in the 0-ms delay block may signal that the
processes driving adaptation were not operating with similar in-
tensity in the two groups. One may speculate that participants
already in the process of integrating the action and the delayed
effect have an advantage over those who—in the absence of such
a delayed effect—were not engaged in a similar integration at-
tempt. The nature of the integration process is unclear. One pos-
sibility is that the process is that of temporal recalibration (Stetson
et al., 2006). The recalibration hypothesis posits that immediacy
has a distinguished position in the temporal relation of action and
its consequences. In the case of delayed sensory effects, the
cognitive system strives to restore the perceived synchronicity of the
action and the elicited stimulus (or—in case of longer delays—to
approach synchronicity as much as possible). This recalibration
could either mean a perceptual compression of the action-effect
interval (Haggard, Clark, & Kalogeras, 2002), a perceptual for-
ward shift of the events after the action (Stetson et al., 2006), or an
updating of the probabilistic distribution of the expected action
effects (Cao et al., 2017). In these terms, participants who were
adapted to a 400-ms action-effect interval, had to recalibrate the
temporal representation of the two events, resulting in the per-
ceived length of the delay becoming shorter than the actual interval
between the motor and sensory events. For the group adapted to
0-ms delay, however, no recalibration was necessary. As shown by
the action-effect reversal phenomenon (Stetson et al., 2006; Timm,
Schönwiesner, SanMiguel, & Schröger, 2014), in extreme cases,
recalibration can result in events that are consequences of the
actions being perceived as happening before the actions. Thus, it
can be argued that as a result of recalibration, participants who
were adapted to 400-ms delays perceived the 200-ms delay in the
test condition as shorter, whereas participants adapted to immedi-
ate effects had a more “realistic” temporal representation of the
action-effect delay. The applied force in the test condition (200-ms
delay) might reflect how participants perceived the length of the
action-effect interval: Weaker force (i.e., more efficient optimiza-
tion) in the 400-ms delay-adapted group might indicate that this
group perceived the delay as being shorter than participants
adapted to immediate effects.

The recalibration hypothesis provides an interpretation that fits
well with studies about various aspects of delayed action effects.
However, an explanation based on different modes of action con-
trol for short and long delays might be also plausible. As suggested
before, the lack of automatic action-effect binding at long delays
might result in participants utilizing similar action control mech-
anisms and strategies, as in the case of actions without auditory
effects, but possibly also control processes relying on a different
(nonautomatic) type of action-effect association, which could be
reflected in the slow optimization observed in the 400-ms delay
adaptation block. It seems plausible to suggest, that in the adap-
tation phase the group adapted to 400-ms delay had to utilize these
control mechanisms to a larger extent, than participants adapted to
0-ms delay, who could effectively control actions by relying
mainly on auditory feedback and automatic action-effect binding.
This might have provided the former group with an advantage at

intermediate delays, as they were able to draw on a larger variety
of control strategies, while the group who only experienced im-
mediate effects was only experienced in the use of control pro-
cesses that rely on automatic action-effect integration (that would
be less effective in the 200-ms delay condition, as indicated by
Experiment 1 and 2), resulting in a more pronounced force opti-
mization for the 400-ms delay-adapted participants in the test
condition (200-ms delay).

Conclusion

The present study shows that action-effect-related motor adap-
tation depends on action-sound delay: Auditory stimuli can be
used as feedback for action control more effectively if they follow
the motor act within a short period. The critical delay is about 200
ms: In this delay range a fast optimization of action force is
possible. However, even within this time-window, the efficiency
of the optimization is affected by prior experience with action-
sound delay. Exploratory results also indicate that even with au-
ditory effects outside the 200-ms limit, action-effect-related motor
adaptation is possible, but requires more or longer experience with
the action-effect delay.

These results implicate that contingency-information provided
by action effects occurring after a critical point are not readily
utilized for adjusting and planning subsequent movements. Despite
the obvious causal connection between the two events, the infor-
mation flow between the motor and sensory systems seems to be
limited in certain cases. Thus, it seems that action-effect-related
motor adaptation is not simply the result of some rational strategic
process, but also might require a form of automatic binding be-
tween action and effect that is different from the links required for
other types of sensory–motor interactions and for establishing
causal relationships between the two events.
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A B S T R A C T

Previous research indicates that adding auditory effects to a (silent) action can lead to substantial

efficiency gains in the performance of the action, while compromising the connection between

the motor and the auditory event (e.g., by removing, or by delaying the auditory effects), leads

the agent to compensate for the loss of auditory feedback by executing actions in a way which

increases the probability of success or enhances feedback in other modalities, thus departing from

the optimal action performance. The current study explored how this motor adaptation was af-

fected when the quality of auditory feedback was reduced by contextual factors, while keeping

the physical link between the action and auditory effect intact. In two experiments, participants

elicited pure tones by pinching a force sensitive resistor (FSR). In some of the conditions action-

effect contingency was reduced by intermixing externally initiated tones with the self-induced

ones. Pinch-force measurements indicated that action optimization was affected by contextual

factors. The influence of auditory context was the most pronounced when the discrimination of

self-induced and external tones was made difficult by the similarity and temporal proximity of

the self-induced and external tones. In these conditions, tone eliciting actions were more forceful

in comparison to conditions in which no external tones were presented, and in comparison to

conditions in which the external tones were easily distinguishable from self-induced ones. This

suggests that contextual factors can induce similar motor adjustments as manipulating the

physical connection between the action and its sensory consequences.

1. Introduction

Most human actions are goal-directed. We plan and perform actions to bring about changes in our environment, and successes and

failures to elicit these changes shape our actions. For actions with relatively slowly unfolding, continuous movements, the ob-

servation of the action’s sensory consequences allows us to adaptively react when the action does not seem to converge to the

intended goal (“online” control, Greenwald, 1970; Schmidt & Wrisberg, 2000). Motor adjustments may, however, not only occur

during a single - slow - movement, but also from action to action when fast, ballistic actions are repeated several times. A recent line

of studies demonstrated that movement parameters systematically change when the actions (e.g., pinches, button presses, tapping on

a table) elicit a tone in comparison to cases where such actions are not associated with distinctive auditory or visual effects (Horváth,
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Bíró, & Neszmélyi, 2018; Neszmélyi & Horváth, 2017, 2018). An interpretation of this action-effect-related motor adaptation is that

distinctive distal action effects (e.g., a beeping tone or a light flash) provided a more reliable, higher quality feedback than “diffuse”

proximal action effects (e.g., the tactile sensation of pressing a button), and thus resulted in more effective control of the actions. In

the current study it was examined how action execution was affected when the reliability of auditory information was compromised

by contextual factors.

When a violinist plays a violin, he/she can immediately correct the position of his/her fingers when he/she hears that the elicited

tone is false, or adjust the movement of the bow if the tones are too loud or too soft. However, using the auditory stimuli as feedback

becomes more difficult if the instrument is played in an orchestra, where other musicians play similar (or even the same) tones. In

such cases it is often hard to tell whether a false tone was elicited by oneself, or by another member of the group. The goal of the

current study is to explore such scenarios, where the auditory environment makes utilization of sensory effects in motor control

difficult.

In the case of controlled movements, where actions can be adjusted on the fly—like the above example of playing sustained tones

on a violin—, the importance of sensory feedback seems obvious. However, for ballistic movements, which are executed very quickly,

immediate adjustments are usually unrealistic (Chernikoff & Taylor, 1952; Lashley, 1951; Schmidt & Wrisberg, 2000; although, for a

different opinion see: Adams, 1976). The fact that these actions are performed according to predetermined motor plans, often led to

the assumption that sensory effects do not play a role in the execution of such movements. (For example, the motor correction method

in paradigms examining the action-related auditory event-related potential [ERP] attenuation is based on such presumption, see:

Horváth, 2015; Neszmélyi & Horváth, 2017.) The idea that ballistic actions are not sensitive to sensory feedback has been also

supported by studies that examined the influence of distal action effects on timing and/or execution of actions like playing a piano

(Finney, 1997; Gates & Bradshaw, 1974; Pfordresher, 2005; Repp, 1999) or pushing a joystick (Taylor & Birmingham, 1949). These

studies indicated that ballistic actions were unaffected by changes in the quality of distal feedback (even in the face of drastic

manipulations like the complete removal of visual or auditory action effects).

The phenomenon of action-effect-related motor adaptation, however, suggests that the effect-independency presumption for

ballistic actions does not apply to every circumstance. If actions are executed in a sequential manner, the experience with previous

actions can influence, how subsequent ones are executed, even if the speed of the movements does not allow for online motor

adjustment. Action-effect-related motor adaptation is presumably an example of such stepwise action optimization processes: When

action effects reliably signal that an action was successful, energy investment can be reduced by lowering the force of subsequent

actions. According to this interpretation, the execution of ballistic movements is affected by the quality of sensory feedback: When

distinctive auditory or visual effects unambiguously signal the success of the action, it is possible to minimize effort investment.

However, when participants can only utilize less reliable feedback sources (e.g., tactile)—which do not signal clearly whether the

action was successful—stronger actions have to be executed to maintain a high probability of action success.

Previous studies have examined how action execution was affected by changes in feedback quality by removing/adding sensory

action-effects (Horváth et al., 2018; Neszmélyi & Horváth, 2017), or by delaying otherwise reliable auditory feedback (Neszmélyi &

Horváth, 2018). Both previous paradigms relied on the direct manipulation of the action-effect relationship. However, even if the

relationship between action and its sensory consequences remains intact (i.e. a properly executed action always produces the effect),

contextual factors might induce changes in the reliability of sensory feedback. In the two experiments of the present study, we

investigated how such contextual feedback quality changes would influence action-effect-related motor adaptation. The experimental

paradigm manipulated the level of contingency between the action and its auditory effect: Participants elicited tones by pinching a

force sensitive resistor (FSR). To keep the physical link between actions and auditory effects intact, tones were consistently elicited

when the FSR was pinched, and contingency was manipulated by intermixing self-induced tones with tones that were independently

initiated by a computer.

This manipulation can have several effects on the utilization of the auditory action effects as feedback: (1) Reduced contingency

might result in weaker associative links (Elsner & Hommel, 2004) between the action and the tone, thus compromising the utilization

of sensory consequences in motor control processes. (2) A weaker action-effect association might be also reflected in a reduced sense

of causal connection between the action and the tone (Shanks & Dickinson, 1991; Wasserman, 1990), which could hinder strategic

optimization processes. (3) When self-induced and external tones are identical, recognizing the source of individual auditory events

becomes more difficult: A tone presented in close proximity to an action might signal that the action was successfully executed, but it

could also be an unrelated external event simply coinciding with the movement. A tone presented temporally far from intentional

actions is likely coming from an external source, but it is also possible that it was induced by an unintentional movement of the

participant. This ambiguity might reduce the usefulness of the tones as feedback about action execution.

A recent study (Neszmélyi & Horváth, 2018) indicated that action-effect binding for motor optimization relies on the automatic

integration of a motor and a sensory event within a very short time window. It could be possible that such automatic binding would

only depend on the temporal separation between the action and its effect and is not affected by contextual factors that require

processing a wider range of events. On the other hand, if the experiments provide an evidence for context-related effects, this would

suggest that intact physical action-effect links are not sufficient for utilizing effect-based motor control processes, and action control

is not only influenced by stimuli that appear within the time-window of action-effect integration, but also by the environment in

which the task is situated.

2. Experiment 1

Experiment 1 was designed to follow-up the study by Baess, Horváth, Jacobsen, and Schröger (2011), which investigated action-
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related auditory ERP attenuation. We used a force sensitive resistor as an input device, because operating the FSR produces no

audible mechanical transient. Although the FSR signal was recorded, it was not analyzed, and the results of the ERP analyses are

described elsewhere (Neszmélyi & Horváth, Manuscript in preparation). Prompted by recent developments suggesting that movement

execution was affected by the sensory consequences of the actions (Horváth et al., 2018; Neszmélyi & Horváth, 2017, 2018), in the

first part of the present study we analyze this FSR dataset. Thus, in Experiment 1interpretations regarding the relationship between

feedback reliability and physical action parameters were only formulated post-hoc, and all analyses for Experiment 1 are exploratory.

Since the present study focuses exclusively on the action control perspective, parts of the experiment that are only relevant for

examining perceptual processing (e.g., experimental conditions in which no actions were performed) are not reported here.

The goal of the analyses was to assess how action-effect-related motor adaptation was affected when the quality of auditory

feedback was reduced by contextual factors. We compared forces applied during tone-eliciting actions in two auditory contexts,

created by manipulating the level of action-tone contingency: In the motor-auditory single condition, tones were only induced by the

participants’ actions, whereas in the motor-auditory mixed condition tones were also initiated independently from the participants’

actions (i.e., these were presented in addition to the self-induced tones). These external tones were identical to the self-induced tones.

As a second manipulation, irrespective of the auditory context, a visual effect was introduced in one half of the experiment, but

not in the other. If force adjustments are indeed affected by the reliability of sensory action-feedback, the inclusion of visual action

effects might reduce the effects of the auditory context manipulation, because the visual stimuli unequivocally signaled action success

across all levels of action-tone contingency. Thus, in conditions with visual feedback, similar levels of force optimization would be

observable regardless of auditory context. This setup also provided an opportunity to test whether an action with a reliable distal

feedback in one modality was affected by the addition of another distal action consequence in a different sensory modality.

2.1. Method

2.1.1. Participants

28 healthy young adult volunteers recruited through a student part-time job agency participated in the experiment. All of them

gave written informed consent after the experimental procedures were explained to them, and they were reimbursed for partici-

pation. Participants reported normal hearing and had no history of neurological disorders. Two datasets were excluded from the

analysis. One because the participant did not complete all conditions, and another because an input device malfunction might have

resulted in unintentional changes in action-tone contingency. The final sample consisted of 26 participants (mean age: 22 years,

range: 18–27 years, female: 16, right handed: 21).

2.1.2. Task, stimuli and experimental conditions

During the experiment participants were comfortably seated in a sound-proofed room. They were instructed to hold a paper-thin

(0.3mm) force sensitive resistor (FSR 400, Interlink Electronics) mounted on a thin plastic sheet between the index finger and the

thumb (in a thumb above position), and pinch it briefly (i.e. apply force impulses) with a constant between-pinch interval of 4 s. The

FSR changes its resistance as a monotonic function of the applied pressure. When the FSR signal exceeded a pre-set threshold

(0.158 N), an auditory and/or a visual action effect was presented in some of the conditions (see below).

There were two types of experimental manipulations, one affecting the auditory, the other the visual stimulation. The auditory

manipulation consisted of three levels of action-tone contingency. (1) In motor-auditory single conditions actions elicited a 50-ms long

(including 10-ms linear rise and fall times), 1000 Hz pure tone of 90 dB SPL intensity (measured by an artificial head, HSUIII.2, Head

Acoustics, Germany), presented through open headphones (HD-600, Sennheiser, Wedemark, Germany). Due to hardware limitations,

tone delivery was delayed by 5ms. (2) In motor-auditory mixed conditions, tones initiated by the computer were intermixed with the

self-induced tones. These additional tones had the same acoustic features as the self-induced tones, and were presented at random

intervals, sampled from a uniform distribution in the 1–7 s time range. As this presentation rate also results in an average onset-to-

onset tone interval of 4 s, the number of self- and computer-initiated tones was about equal in this condition. (3) In motor conditions,

pinches did not initiate a tone. The experiment was divided into block triplets (each triplet included one block of each action-tone

contingency condition). Within the triplets, the sequence of the three action-tone contingency conditions was randomized (but the

order was constant across all triplets). Participants completed four triplets, that is, four blocks of each action-tone contingency

condition. Each block consisted of 50 actions. (Conditions simply replaying sound sequences previously generated in single and

mixed conditions were also administered. In these blocks participants just listened to the replay without performing actions. Since

these conditions were only relevant for the analyses of the EEG recording, these will not be discussed here.)

The two levels of visual manipulation were visual feedback and no visual feedback. In visual feedback conditions, actions elicited a

red, 50-ms long light emitting diode (LED) flash immediately. In no visual feedback conditions, no LED flash occurred. Visual feedback

was manipulated between the first and second halves of the experiment, that is, the first two block triplets were administered with

visual feedback and the other two without visual feedback, or vice versa (counterbalanced across participants). The order of the three

action-tone contingency blocks within the triplets was the same in both visual feedback settings. In conditions with no visual

feedback, participants were instructed to look at a fixation cross displayed on a computer screen in front of them. In conditions with

visual feedback, they were instructed to look at the LED placed in front of the screen. The screen and the LED were placed ca. 100 cm

in front of the participant.

At the end of each block, participants received feedback about their performance on the interval production task: Mean and

standard deviation of between-pinch intervals, as well as the number of actions following previous actions in less than 3 s or more

that 5 s were displayed on the screen.
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Before the experiment, participants familiarized themselves with the force-level that was necessary to produce successful inter-

action with the device. The FSR-signal was displayed on the screen in the form of a vertical bar, which changed its height as a

monotonic function of the applied force. The initially blue bar turned green when the threshold was exceeded. To keep the applied

force within the measurement range of the FSR, an upper threshold was also implemented: if the applied force exceeded 5.970 N the

bar turned red. Participants were encouraged to freely interact with the device, and explore how performing the action in different

ways affected the on-screen representation of the signal. After this, participants completed two shorter (20 trial) training blocks of the

motor-auditory single condition with or without visual feedback depending on whether the participant was assigned to start the

experiment with or without visual feedback. In contrast to the experimental blocks, immediate feedback was provided after each

action: the last inter-pinch interval was displayed on the screen, and participants were alerted if the pace was too fast (between-action

interval shorter than 3 s) or too slow (between-action interval longer than 5 s). Between the two practice blocks, participants were

prepared for EEG recording. After the training phase, participants performed the first half of the experiment. After the visual setting

was changed at the halfway point (LED activated or disabled), participants first repeated the practice block with the new setting

before continuing with the experimental blocks.

2.1.3. Data acquisition

The FSR voltage signal was recorded with a voltage-divider setup using 5 V input voltage and a 10 kOhm resistor. The applied

force - FSR signal relationship in this setup is well approximated by a log-linear function, therefore, force was calculated from the FSR

signal by an exponential transformation. The FSR signal was co-recorded with the EEG, using the high-level input of a Synamp2

amplifier (Compumedics Neuroscan, Victoria, Australia). The signal was recorded with a sampling rate of 1000 Hz (with a 200 Hz

online low-pass filter) and then transformed offline to force-values. 2-s epochs (including a 1-s interval preceding and a 1-s interval

following the time-point when the FSR-signal exceeded the threshold) were extracted from the continuous signal. Epochs were

discarded if no force peak could be identified in the 750-ms post-action time window1, or if another tone was present in the 600-ms

time window preceding the tone-eliciting action2. The first 10 trials of each block were also discarded as results of a previous

experiment (Neszmélyi & Horváth, 2017) suggested that the first 5–10 trials of a block might reflect a step-by-step adjustment of the

applied force to the given stimulation, and thus would not reflect a stabilized force application set.

2.1.4. Data analysis

Mean between-action intervals (time between pinches) were calculated for each participant in each condition. The individual

between-action intervals in the different conditions were submitted to a two-way, action-tone contingency (motor-auditory single,

motor-auditory mixed, motor)× visual manipulation (visual feedback, no visual feedback) repeated measures ANOVA. Greenhouse-

Geisser correction was applied to correct for potential violations of the sphericity assumption. For the ANOVA uncorrected degrees of

freedom, the ε correction factor (for factors with more than two levels), and generalized eta-squared measure of effect size (Bakeman,
2005) are reported.

Pinches were characterized by the maximal force in the 750-ms following the crossing of the force-threshold. The median of the

pinch force maxima was used to characterize each participant in each condition. Differences in pinch force between various con-

ditions were explored by Wilcoxon signed-rank tests. Wilcoxon tests were only performed for the 9 comparisons that might be of

theoretical importance. The three action-tone contingency conditions were compared with each other separately within the two

visual settings, and each corresponding action-tone contingency condition was compared across the two visual settings. For the

Wilcoxon tests, T-values3 and rank biserial correlation effect sizes (Kerby, 2014; King, Rosopa, & Minium, 2011) are reported.

As the analysis of Experiment 1 can be regarded as exploratory no hypothesis testing was conducted (i.e., p-values are not

reported). Statistical analyses were conducted in R (version 3.0.2., R Core Team, 2015). Initial figures were prepared by the ggplot2

package (Wickham, 2009).

1 The goal of the study was to examine quick interactions with the device that can be regarded as analogous to everyday actions like pressing a

button, tapping on a table, knocking on a door (i.e., movements that might be regarded as ballistic). Thus, the algorithm was looking for signal peaks

in a 750-ms time window, and events with peaks falling outside this time range were excluded from the analysis, as such instances likely reflect

actions where participants continuously apply pressure to the FSR.
2 The exclusion of self-induced events preceded closely by another stimulus was motivated by the possibility that the preceding stimuli may

interfere with action initiation. A recent study by Novembre et al. (2018) suggests, for example, that sounds presented after longer periods of silence

disturb ongoing motor activity. The 600-ms pre-action rejection window was selected to match the criterion used in the processing of the EEG-data

(which allowed to minimize overlap by ERPs elicited by preceding stimuli). To check the possibility that this event selection choice influenced the

results, as suggested by an anonymous reviewer, processing was also performed without using the 600-ms pre-action rejection window. Removing

this rejection criterion did not substantially influence the pattern of results.
3 After calculating the difference of the force measurements in the two conditions, the absolute values of these differences are ranked (the larger

the difference, the higher the rank). T is the smaller of the two sums of ranks of the instances when the first condition is larger than the second or

when the second condition larger than the first. That is, a small T-value indicates that for almost all pairs, values in one condition are larger than

values in the other condition. (With T=0 indicating that all data consistently change in the same direction.) There is no consensus which statistic to

report in regard to the Wilcoxon signed-rank test. Most often T,W, and Z statistics are suggested. In the current study, T-value was reported because

the interpretation of this statistic is straightforward (if the sample size is known), and values can be easily compared to significance thresholds

presented in look-up tables.
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2.2. Results

Participants complied with the instructions: group average between-action intervals were close to 4 s in each condition (Table 1).

Effect sizes related to the 2-way ANOVA on between-action intervals also indicated that between-action intervals in various con-

ditions did not differ substantially (action-tone-contingency main effect: F(2,50)= 2.407, ε=0.883, η2= 0.030; visual manipulation

main effect: F(1,25)= 0.014, η2 < 0.001; visual manipulation× action-tone contingency interaction: F(2,50)= 3.130, ε=0.984,

η2= 0.021).

After rejection criteria were applied, 93.739 (SD=7.458) percent of the actions (not counting the first 10 actions of the blocks)

were retained for analysis. Pinch forces (Fig. 1) differed substantially across the three action-tone contingency conditions both

without and with contingent visual action effects (Fig. 2).

In the conditions without visual feedback, large effect sizes clearly indicated that pinch force was larger in the motor condition

than in the single (T=0, rc=1) and mixed (T=1, rc=0.994) motor-auditory conditions. In the motor-auditory mixed condition

participants applied more force during interactions with the FSR than in the motor-auditory single condition. The effect related to this

difference is of medium size (T=100, rc=0.430).

With visual feedback, a similar pattern was observed: The applied force was substantially larger in the motor than in the single

(T=10, rc=0.943) and mixed (T=69, rc=0.607) motor-auditory conditions. The comparison of the single and mixed motor-

auditory conditions, however, showed only a medium effect size (T=107, rc=0.390).

Pinches that elicited contingent visual feedback were softer than pinches without visual effects in all auditory conditions. Large

effect sizes indicate a substantial force difference related to the visual feedback manipulation, regardless of action-effect contingency

(motor: T=0, rc=1; motor-auditory single: T=60, rc=0.658; motor-auditory mixed: T=76, rc=0.567).

2.3. Discussion

The results confirmed previous observations about tone-eliciting actions being softer than similar actions without external au-

ditory effects: Adding a sound to the set of action effects suggested more pronounced force optimization (as indicated by large effect

sizes) even in cases in which action-success was reliably indicated by visual feedback or the reliability of this additional auditory

feedback was reduced due to the auditory context (externally generated stimuli intermixed with the self-induced ones).

Table 1

Group-mean between-action intervals (with standard deviations) in the six conditions of Experiment 1.

Motor Motor-auditory single Motor-auditory mixed

No visual feedback 4.170 ± 0.428 3.896 ± 0.322 4.002 ± 0.381

Visual feedback 4.021 ± 0.433 3.975 ± 0.382 4.100 ± 0.387

Fig. 1. Action force profiles in Experiment 1. Force application patterns as a function of time, for all actions of a representative participant. Actions

without auditory action-effects are presented in red, actions with auditory action effects are in blue. Crossing of the axes represents the time-point

where the action was registered and (in the motor-auditory conditions) the presentation of the tone was initiated. (Note, that signal peaks were

identified for all participants in the 0–750-ms poststimulus time window. However, on the figure, display of the signal terminates at 600ms, as the

actions of the selected participants were all completed within this timeframe.) (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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In contrast to this general auditory feedback effect, the influence of feedback-reliability on action-effect-related motor adaptation

was less obvious. Although both with and without visual feedback, action forces in the motor-auditory single condition were larger

than in the motor-auditory mixed condition, relatively smaller effect sizes (biserial rank correlation coefficients of 0.390 and 0.430,

indicating medium effect sizes) suggested that, if offline force adjustments are influenced by context dependent changes in the

reliability of auditory feedback, these effects are smaller than expected.

Contrary to our expectations, the addition of reliable visual action effects did not abolish the influence of the auditory context.

When a visual stimulus was added to the set of action effects, pinch force was reduced in all action-tone contingency conditions, but

the pattern of force differences remained unchanged across auditory contexts: Compared to “silent” interactions with the FSR (motor

condition), the addition of auditory effects resulted in substantial force optimization in both motor-auditory conditions (i.e., single,

mixed). The level of action-effect–related motor adaptation was somewhat larger in the single condition, but the difference between

the two motor-auditory conditions was smaller than expected. These results suggest that adding action effects in a new sensory

modality allows for more efficient motor control, even if it only enriches the sensory characteristics of feedback without affecting

feedback contingency: Action optimization was always more pronounced in conditions with two distal effects (i.e., auditory and

visual) compared to conditions in which only one of the effects was available. Improved motor control could be observed even when a

sensory effect providing low quality feedback was added to an action that already had completely reliable feedback in another

modality (i.e., motor-auditory mixed, with LED).

Fig. 2. Distribution of force maxima in Experiment 1. Tukey-plots of the distribution of individual pinch-forces in the three action-tone contingency

conditions without (left) or with (right) visual feedback. (Boxes indicate values between the 1st and 3rd quartile, with thick horizontal lines in the

boxplot representing the group median. Whiskers cover values in the 1.5 interquartile range below and above the 1st and 3rd quartile, while dots

represent datapoints falling outside of this range. Blue lines connect the datapoints of the same participants in the different conditions.) (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Experiment 2

Results of Experiment 1 suggested that actions can be adjusted to compensate for diminishing quality of auditory feedback when

contextual factors are responsible for the reduced reliability of feedback. Due to the exploratory nature of the study, only effect sizes

were determined for the relevant comparisons, and no hypothesis testing was applied. Consistent with the idea that reliability of

auditory feedback would be reflected in the magnitude of force adjustments, action-effect-related motor adaptation was less pro-

nounced in conditions where computer initiated auditory stimuli were intermixed with self-induced sounds. The difference between

conditions with reliable and unreliable feedback, however, was smaller than expected. This might be explained by the fact that the

experiment was optimized for the study of perceptual processes (and the requirements of the ERP method), and not for the study of

motor control processes. Experiment 2 was designed for a targeted investigation of these motor control phenomena.

In Experiment 1, the effect of context-related changes of feedback quality on force optimization was most clearly reflected in the

comparison of the motor-auditory single without LED and the motor-auditory mixed without LED conditions. Thus, the design of

Experiment 2 was mainly based on this contrast (the influence of visual stimuli was not investigated), and a sample size was de-

termined that should reveal a significant difference between the two conditions if the medium effect sizes observed in Experiment 1

were indeed realistic. Similarly to Experiment 1, it was expected that action forces would be larger in conditions in which computer-

initiated sounds are intermixed with self-induced ones. Such differences would suggest that context-related changes in the quality of

auditory feedback can influence action-effect-related motor optimization. Furthermore, the experimental task was modified slightly

and two additional manipulations for the presentation of computer-initiated stimuli were introduced with the goal of gaining deeper

understanding of the relationship between contextual factors and action optimization.

First, participants were instructed to produce sequences with variable between-action intervals (instead of generating self-induced

sounds in an even tempo). The goal of this modification was to accentuate the intentional aspect of the actions—as the predictive

relationship between action and its sensory effect is assumed to be typical for intentional actions (Desantis, Roussel, & Waszak, 2011;

Haggard & Clark, 2003)—, and to abolish potential “figure-ground separation”-like effects (Andreou, Kashino, & Chait, 2011;

Bregman, 1990; Jones, Moynihan, MacKenzie, & Puente, 2002; Lange, 2009) that may be brought about by having a mixture of a

rhythmic, evenly paced self-induced and a random external tone sequence. We presumed that abolishing such aids for the perceptual

distinction of self-induced and externally generated sounds could accentuate the influence of auditory context, and thus increase the

difference between conditions with and without external sounds.

Second, it was a further goal of Experiment 2 to control for attentional factors that could result in similar effects to those that were

attributed to changing the quality of auditory feedback: External tones do not only reduce the reliability of auditory feedback, but

they also make the interval production task more difficult. The slightly stronger pinches in the mixed condition could be a result of

the external sounds disrupting the timing of the movements: It could be hypothesized that in this condition, less resources are

available for action-control processes, because distractor events necessitate a stronger attentional focus on the time-production task

(Brown, 1997; Gautier & Droit-Volet, 2002; Lejeune, 1998). To exclude this possibility, we also included conditions in which external

tones had different—easily distinguishable—pitches from the self-induced tones. These sounds should disrupt the interval production

task in a similar way as undistinguishable ones, but they should not affect quality of the auditory action-feedback, as source of the

stimuli can be reliably determined on a pure perceptual basis. If feedback-reliability indeed contributes to force differences between

conditions with and without externally initiated sounds, action optimization should be more effective (i.e., smaller forces) when

computer-generated sounds are different from self-induced ones.

Third, we examined the effect of increasing the proportion of external tones that were intermixed with the self-generated ones.

The further reduction of action-effect contingency could result in weaker action-effect links, and also hinder the temporal dis-

crimination of self-induced and external sounds (because of increased probability of self-induced and external events overlapping in

time). Thus, if motor adjustments are indeed induced by context-related changes in auditory feedback quality, action forces should

increase with increasing presentation rate of externally generated stimuli that are identical to the self-induced ones. (On the other

hand, increasing the proportion of computer-generated sounds that are different from self-induced ones, should not influence

feedback-dependent force adjustments.)

3.1. Methods

3.1.1. Participants

50 healthy young adults completed the experiment. All of them gave written informed consent, and they either received course

credit or were reimbursed for their participation. Participants reported normal hearing and no history of neurological disorders.

Because of device-malfunction, 9 datasets were excluded from the analyses. The final sample consisted of 41 participants (mean age:

21 years, range: 18–27 years, female: 29, right handed: 34).

3.1.2. Stimuli and task

Participants’ task was to pinch the same device used in Experiment 1. Pinches always resulted in an auditory effect: When the

applied force exceeded the preset threshold (same setting as in Experiment 1) a sine tone (75 dB SPL—measured by an artificial head:

HSUIII.2, Head Acoustics, Germany; 50ms long, including 10-ms linear rise and fall ramps) was presented with a delay of 10ms.

Participants were instructed to perform tone-eliciting actions so that at the end of the blocks, the distribution of the between-action

intervals would show a uniform distribution in the 2–6ms time range.

There were 5 experimental conditions. In all of these, participants performed the time-interval production task described above.
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In the single condition, only tones initiated by the participants were presented. In the other four conditions (mixed conditions), tones

(referred to as external tones) were randomly presented in addition to, but independently from the self-induced tones. The four mixed

conditions resulted from the orthogonal manipulation of the presentation rate, and pitch of the external tones (identical frequent,

different frequent, identical rare, and different rare external conditions): In rare external conditions the SOAs between consecutive

external tones were sampled from a uniform distribution in the 0.5–7.5 ms time range (resulting in average SOA of 4 s, and a self-

induced vs. external tone ratio of approximately 1:1). In frequent external conditions, SOAs between consecutive external tones were

sampled from a uniform distribution in the 0.5–3.5 s time-range (average SOA of 2 s, approximately 1:2 self-induced vs. external

ratio). In identical external conditions, external tones were identical to self-induced tones. In different external conditions, externally

initiated and self-induced tones differed in pitch. The role of the two (500 and 1440 Hz) pitches was counterbalanced between

participants.

3.1.3. Experimental procedure

As in Experiment 1, participants were sitting comfortably in a sound-proofed room, and auditory stimuli were delivered through

headphones. They were instructed to look at a fixation puppet placed in front of the computer screen during the experimental blocks.

Before the experimental blocks were administered, participants completed a two-step training procedure to familiarize themselves

with the device and the task. First, they performed 30 actions according to the instructions of the time-interval production task. The

distribution of the between-action intervals was continuously displayed and updated after each action on the screen. Second, they

performed the same task with 60 actions, but the distribution of the between-action intervals was only displayed after they completed

the block. During training, participants’ actions always induced tones, but no external tones were presented. After the training phase,

the 5 experimental blocks were delivered in random order, with short breaks between them. Participants performed 90 pinches in

each block. As in the second training phase, feedback about the distribution of the between action intervals was only provided at the

end of each block.

3.1.4. Data acquisition

The timing of self-induced and external tones and the FSR-signal were recorded and processed in the same way as in Experiment

1. Since blocks were longer than in Experiment 1, instead of the first 10, the first 15 trials were discarded in each block.

3.1.5. Data analysis

The comparison of the single and mixed condition (no visual feedback) in Experiment 1 yielded an effect size of 0.430 (rank

biserial correlation). The main goal of Experiment 2 was to reproduce this effect and establish whether the difference between

conditions with and without externally generated sounds was significant. An estimated sample size of 39.308 should be sufficient to

reveal an effect of this magnitude with a statistical power of 80%, at an alpha level of 0.05. The sample size used in the study (41

subjects) allows for the detection of effect sizes higher than 0.422 (corresponding to T-values below 248.966) with a statistical power

of 80%. The sample size of the study should be sufficient to reveal differences between forces in the single and rare identical external

mixed condition, even if the effect sizes are identical to the one observed in Experiment 1. However, Experiment 2 also had the goal of

creating an auditory context for self-induced stimuli that would induce a more pronounced degradation in the quality of auditory

feedback than what was accomplished in Experiment 1. Thus, it could be assumed that the manipulations would have a stronger

effect on action-effect-related motor adaptation in Experiment 2 than in Experiment 1. (Due to the change from constant to random

interval production task, increased effect size was expected even in the replicated comparison outlined above. However, in the

frequent identical external mixed condition, where the number of computer-initiated tones was increased, an even stronger influence

of auditory context was predicted.)

For each participant, the mean between-action interval was calculated in each condition and submitted to a one-way ANOVA. As

in Experiment 1, pinches were characterized by the maximal force in the 750ms following the crossing of the threshold. The median

of the pinch force maxima was used to characterize each participant in each condition, which were compared by pairwise Wilcoxon

signed-rank tests. Similarly to Experiment 1, T-values and for effect sizes, biserial rank correlation coefficients are reported for

Experiment 2.

The analysis focused on 8 comparisons. First, forces recorded in the single condition were compared with forces recorded in the 4

mixed conditions. The hypothesis was that compared to the single condition, pinch force would only increase in the identical external

conditions. In the different external conditions no degradation of auditory feedback quality would be induced by the computer-

generated stimuli, thus action optimization should be similar to that observed in the single condition. Second, both identical external

conditions were compared with the corresponding (i.e., same presentation rate of computer-initiated sounds) different external

condition. Even if the different external sounds would have some effect on force optimization (indicating that interference with the

time-interval production task might also induce force adjustments), a larger force increase in the identical external conditions could

suggest an additional effect of feedback reliability. Finally, both rare external conditions were compared with the corresponding

(same pitch for the computer-initiated sounds) frequent external conditions. According to the presumed role of feedback reliability in

action optimization, increasing the presentation rate of computer-initiated sounds should only lead to force adjustments in the

identical conditions. (In the different external conditions, the reliability of auditory feedback is not influenced by externally gen-

erated stimuli.)

The most important hypothesis of the study is related to the force difference between the tone-eliciting condition without external

tones and tone-eliciting conditions with identical self-induced and external tones. To check whether the modifications of the para-

digm indeed resulted in an increased contextual influence on action-effect-related motor adaptation, effect sizes related to this
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difference were compared across the two experiments. To base the comparison on similar contrasts, the single, without led and the

mixed, without LED conditions were selected from Experiment 1 and the single and the rare identical external conditions from

Experiment 2. (There were no visual stimuli in either of the conditions, and the mixed conditions both had a self-induced – external

ratio of ca. 1:1.) As the two experiments differed in several factors (i.e., number of participants, number of events, task, stimuli), a

direct comparison was not possible. Thus, comparison was based on confidence intervals of the respective effect sizes. Confidence

intervals were estimated with a bootstrap procedure (Carpenter & Bithell, 2000; Efron & Tibshirani, 1993; Kirby & Gerlanc, 2013)

using 10,000 iterations. To enable comparison at an alpha level of 0.05, 87.9 percent confidence intervals were chosen according to

the variance-based adjustments described by Payton, Greenstone, and Schenker (2003).

3.2. Results

3.2.1. Behavioral data

Participants produced between-pinch intervals that mostly fell into the 2–6 s time-range (Fig. 3), and deviated from the uniform

distribution in the expectable patterns (see: Horváth, 2013; Horváth, Maess, Baess, & Tóth, 2012; Neszmélyi & Horváth, 2017, 2018):

Whereas the distributions sharply rose at 2 s, the transitions were more gradual at the 6-s boundary (reflecting the decrease of

temporal accuracy with the increase of the interval). The mean between-action interval did not significantly differ between condi-

tions (single: 4.009 s, identical rare external: 3.823 s, identical frequent external: 3.838 s, different rare external: 3.864 s, different

frequent external: 3.845 s), that is, external tones did not significantly disrupt the time-interval production task.

3.2.2. Pinch force

After rejection criteria were applied, 81.771 (SD=12.004) percent of the actions (not including the first 15 tones) were retained

for analysis. Pinches were stronger in all mixed conditions than in the single condition (rare identical T=52, p < .001, rc=0.879;

frequent identical: T=55, p < .001, rc=0.872; rare different: T=269, p= .036, rc=0.375; frequent different: T=227, p= .008,

Fig. 3. Between-action intervals in Experiment 2. Histograms of between-pinch intervals in the five conditions (summary data of the 41 participants

included in the analysis: all pinches of each participant). All registered between-action intervals are presented, including those that were later

excluded from analyses.
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rc=0.478).

Importantly, pinches were consistently stronger in the identical than in the different external setting (Figs. 4 and 5), both in rare

(T=140, p < .001, rc=0.675) and in frequent external conditions (T=84, p < 0.001, rc=0.805).

In the identical external setting, pinches were stronger in the frequent than in the rare condition (T=255, p= .022, rc=0.407).

Fig. 4. Action force profiles in Experiment 2. Force application patterns as a function of time for all actions of a representative participant. Crossing

of the axes represents the time-point where the presentation of the sound was initiated. (Note, that signal peaks were identified for all participants in

the 0–750-ms poststimulus time window. However, on the figure, display of the signal terminates at 600ms, as the actions of the selected parti-

cipants were all completed within this timeframe.)

Fig. 5. Distribution of force maxima in Experiment 2. Tukey-plots of the distribution of individual pinch-force values in the five conditions of

Experiment 2. (Boxes indicate values between the 1st and 3rd quartile, with thick horizontal lines in the boxplot representing the group median.

Whiskers cover values in 1.5 interquartile range below and above the 1st and 3rd quartile, while circles represent data points that fall outside of this

range. Blue lines connect data points of the same participant between conditions.) (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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In the different external tone setting, no significant difference was found between pinch forces recorded in the rare and frequent

external tone conditions (T=354, p= .328, rc=0.178).

Confidence intervals (87.9 percent) for the comparison between the conditions with only self-induced, and conditions with equal

number of self-induced and externally generated sounds were CI= [0.1168, 0.7151] in Experiment 1 and CI= [0.7282, 0.9884] in

Experiment 2. As the two intervals do not overlap, it can be stated that at an alpha level of 0.05 the two effect sizes are significantly

different, with the influence of external tones on action optimization being larger in Experiment 2.

3.3. Discussion

In Experiment 2, adjustments in the experimental design indeed resulted in a more pronounced expression of the tendency

observed in Experiment 1. Reducing action-effect contingency (by adding external tones) induced modifications in the execution of

the actions which can be interpreted as compensation for the decline in the quality of auditory feedback. When deprived of reliable

auditory feedback, participants tended to abandon force minimization strategies, and maintain the high probability of successful

actions by increasing the force of the actions. The results also show that increasing (doubling) the number of external tones leads to a

further increase in applied force, when acoustic features of externally generated and self-induced stimuli are identical, which is

consistent with our hypothesis that increasing the number of external tones would make it more difficult to extract the auditory

information relevant for assessing action success. The results suggest that the utility of auditory action effects for motor control is a

monotonic function of the information that these effects provide about the success of the interaction.

The results of the experiment also indicate that changes in pinch force primarily depend on the feedback role of the self-induced

sounds, and task-related attentional processes only provide minor contribution to the observed effects of auditory context: Although

some minor increase in pinch force was also observed when self-induced sounds were intermixed with distinguishable external tones

(different pitch) the motor adjustment induced by external tones was much larger when they were identical to the self-induced ones.

4. General discussion

The results of the two experiments indicate that even subtle changes in the sensory environment can affect how sensory con-

sequences are used for controlling sequential ballistic actions. When self-induced sounds were generated in an auditory context that

reduced the reliability of the auditory feedback, the force of the tone-eliciting pinches increased significantly. The results reported in

the study are consistent with previous interpretations of action-effect-related motor adaptation (Horváth et al., 2018), which ex-

plained the phenomenon within an optimization framework (Bays & Wolpert, 2007; Davy & Audu, 1987; Pandy, Garner, & Anderson,

1995; Todorov, 2004; Uno, Kawato, & Suzuki, 1989). It was suggested that feedback quality determined which optimization goals are

prioritized by the agents: Reducing feedback reliability can result in agents abandoning the objective of effort minimization, and

execute more effortful actions, which increases the probability of action success. Whereas previous studies (Horváth et al., 2018;

Neszmélyi & Horváth, 2017, 2018) directly manipulated the action-effect relationship (by removing the dominant feedback modality,

or delaying the auditory action effect), the current study demonstrates that differences in the sensory context of the effects influence

action planning or control even if the causal action-effect relationship is the same. These results indicate that the role of auditory

feedback in action-effect-related motor optimization does not simply rely on the automatic binding of simultaneous motor and

sensory events. Apparently, the motor utility of sensory stimuli elicited by ballistic actions is established on a larger time scale, by

also taking into account the relationship between those sensory events that are related to movements and those that can be regarded

as agent-independent elements of the environment.

The results of the present study may be interpreted as an extension to the sensory weighting principle, which suggested that

cognitive representations of actions relied more on the task relevant, than on task irrelevant action effects (Memelink & Hommel,

2012). The current study indicates that weighting of various sensory action consequences is not only determined by task-relevancy:

Perceptual properties of the action consequences and the environment might determine the “value” of information that certain

sensory effects can provide about the actions, and this value in turn would determine the role that the effects play in motor control

processes.

The reported results raise several questions: (1) How do increased pinch forces compensate for reduced feedback quality? (2) The

manipulations of auditory environment applied in the study (intermixing self-induced and externally generated sounds with identical

acoustic features) affect several factors of the action-effect relationship that can induce a decrease in feedback quality. Which one of

these factors was responsible for inducing motor adjustments? (3) Can the context-related motor adjustments only be explained by

compensation for reduced feedback quality, or are there also other plausible accounts of the observed effects?

Previously, action force increases induced by physical manipulations of the action-effect relationship have been interpreted in two

ways. These interpretations can be also applied to motor adjustments induced by changes in the auditory context. First, increasing

applied force may allow one to increase the chance of a successful interaction with the device (Horváth et al., 2018). One could

picture this as jumping over a hurdle in complete darkness: The strategy with the highest probability of success is to jump as high as

possible. In the current study, performing actions with a force that is well above the threshold is a good strategy to ensure a high rate

of interaction success (if one disregards the cost of effort).

Second, increasing the applied force may also allow one to directly compensate for the loss of sensory feedback in one modality by

increasing feedback in other modalities (Aschersleben & Prinz, 1997). When distal (auditory or visual) effects are reliable, partici-

pants primarily utilize these for controlling the actions. The preference of auditory (and visual) feedback can be explained both by the

fact that they provide more reliable feedback than other action consequences (e.g. tactile) in the current paradigm, but also by the
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inherent general preference of distal feedback modalities (Hommel, 1993; Kunde, Müsseler, & Heuer, 2007; Ladwig, Sutter, &

Müsseler, 2012; Massen & Prinz, 2007; Müsseler & Sutter, 2009; Sutter, Müsseler, Bardos, Ballagas, & Borchers, 2008). However, if

the quality of the distal feedback is reduced, proximal feedback might become more relevant. In the present study, as feedback

information provided by the auditory stimuli decreases, overall feedback level can be kept constant by increasing the amount of

information coming from the tactile modality. This might be achieved by executing stronger actions. That is, increasing force may

reflect a goal to increase the intensity of the tactile stimulation during the interaction with the device.

A further question is how the addition of external tones reduced the quality of auditory feedback in the current paradigm. In the

introduction, three closely interconnected possible frameworks were outlined, which can provide an explanation about the re-

lationship between action-effect contingency and feedback quality: action-effect-binding, recognition of causality, and source at-

tribution to auditory stimuli. For the most part, all three explanations would predict a similar effect of the applied context manip-

ulations on feedback quality. (For example, increasing the number of external tones—as was done in Experiment 2—would be

expected to similarly reduce action-effect binding, the estimated strength of causal connections, and certainty of source attribution.)

It was not a goal of the current experiment to determine the contribution of these factors, however, differences between results of the

first and second experiment indicate that the role of source attribution might be more important than other influences.

Taking only the level of contingency into account, the conditions with about equal proportion of self-induced and external tones

in the two experiments (no visual feedback mixed condition of Experiment 1, and rare external identical condition of Experiment 2)

are very similar. Surprisingly however, the observed adjustments induced by the external tones (compared to conditions with only

self-induced tones) appear to be substantially larger in Experiment 2. This difference might be brought about by any of the ex-

perimental design differences between Experiments 1 and 2: The higher sound intensity in Experiment 1 might have caused a stronger

automatic binding of simultaneous motor and auditory events in Experiment 1, reducing the effect of external sounds. Also, the

conditions that were administered beside the conditions that were equivalent in the two experiments were very different (e.g., in

Experiment 1 there was a condition without any distal sensory action effects; in Experiment 2 there were conditions with different

external sounds, and conditions with an increased number of external sounds). It has been shown previously that motor adaptation to

a given action-effect relationship could persist for longer periods (at least in the order 5–10min; Neszmélyi & Horváth, 2018). These

long-term adaptation effects might have affected action forces of the self-induced only and 1:1 self-induced/external conditions

differently in the two experiments.

The difference between the tasks (constant interval vs. random interval production) might have also contributed to the enhanced

context-related effects in Experiment 2. Random interval production might have increased the intentionality of the actions in

Experiment 2 (see: 1. Introduction). However—as previous studies did not suggest substantial difference in action-effect-related

motor adaptation with constant and random interval production tasks (Neszmélyi & Horváth, 2018) — it seems more likely that in

Experiment 1, the even tempo (every ca. 4 s) of self-induced tones and the random presentation intervals of the external tones (1–7 s

with uniform distribution) resulted in two, better distinguishable auditory streams, and thus a more unequivocal source attribution

for auditory events. The abolishment of this contrast in Experiment 2 might have made it more difficult to identify the source of the

tones on a perceptual basis, which might have also made it more difficult to determine whether a tone in close temporal proximity to

an action attempt can be regarded as feedback about the success of the attempt. According to this explanation, the connection

between the frequency of the external tone and the level of force adjustment—as observed in Experiment 2— might also be de-

termined by the difficulty of source discrimination and not by the level of action-tone contingency.

The considerations above explain the results within a traditional computational motor control framework (Adams, 1976;

Todorov, 2004). The findings can also be explained, however, in a predictive framework based on the ideomotor principle (Hommel,

Müsseler, Aschersleben, & Prinz, 2001; Prinz, 1987, 1990; Shin, Proctor, & Capaldi, 2010). According to this framework, context-

related differences in the execution of actions would not reflect differences in the amount of information provided by sensory action

consequences (i.e., differences in the reliability of feedback), but differences in action goals. The ideomotor theory is a teleological

approach, which assumes that action control is based on the goals of the person (Elsner & Hommel, 2001; Hommel, 1996, 2009), that

is, motor plans are activated by the anticipation of the action effects. It can be argued that action goals are easier to formulate in

terms of distal effects, because these are usually more distinctive, and better defined than proximal effects, and thus, they would

enable more efficient action-control. In the present study, the unavailability of such distinctive distal effects might have forced

participants to rely on the internal or proximal (tactile) effects in the motor condition. Similarly, in mixed conditions, the abolishment

of the one-to-one action-tone correspondence might have also reduced the efficiency of ideomotor control processes because reducing

action-effect contingency may result in weaker action-effect links (Elsner & Hommel, 2004).

The ideomotor interpretation of the results would be consistent with studies that show that the role of distal action consequences

in motor control is dependent on the action-effect contingency. However, previous research only shows that parameters of movement

initiation are negatively affected, when the one-to-one assignment between actions and stimuli is violated (Elsner & Hommel, 2004;

Hoffmann, Sebald, & Stöcker, 2001; Stöcker & Hoffmann, 2004; Ziessler & Nattkemper, 2001). The current experiment extends on

these results by showing that—even in the case of ballistic movements—the effects of action-effect contingency are not only apparent

in the temporal parameters of movement initiation, but also in the force-profiles of action execution.

It has to be noted that the ideomotor approach also suggests another explanation for stronger action forces in conditions in which

computer-initiated stimuli are interspersed with the self-induced ones4. Response-effect compatibility—as a consequence of common

4We would like to thank the two anonymous reviewers for suggesting the following two explanations for context-related force adjustments (i.e.,

influence of action-effect compatibility, and compensation for conflicting information about action timing).
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representation for motor and perceptual events (Hommel, 1996, 2009)—is a central idea of the ideomotor framework: It suggests that

action initiation is more efficient (as reflected in faster reaction times) if the elicited sensory effect shares certain features with the

movement. Such compatibility effects have been reported in the spatial (Hommel, 1993; Kunde, 2001) and temporal (Kunde, 2003)

domain, but it has been suggested that a similar action-effect relationship can also be observed in the dimension of intensity. In the

study of Kunde, Koch, and Hoffmann (2004), response selection, execution and initiation appeared to be more efficient when the

intensity of the movement matched the intensity of the elicited effect (i.e., strong button presses eliciting loud tones, or soft actions

eliciting soft tones). In the current experiment, increased forces in conditions in which self-induced and computer-initiated tones

were intermixed, might reflect the goal of the participants to elicit louder tones, and thus enable identification of action effects based

on their perceptual properties (in this case intensity) in a noisy auditory context. The compatibility effect might be so deeply rooted

that participants would apply this strategy even if no actual coupling between movement and stimulus intensities was present (as in

the current setup).

The interpretations above (with the exception of the one based on action-effect compatibility) suggest that increased force in

conditions with external stimuli is caused by action-stimulus binding being compromised by the reduction of action-effect con-

tingency. An alternative explanation, based on external stimuli interfering with the time-interval production task might be also

plausible. Timing of self-initiated actions might be judged based on integrating information from various sensory modalities

(Aschersleben & Prinz, 1997). A computer-generated sound presented in the proximity of a self-generated event may be involved

(accidentally) in the timing task instead of the self-generated one, and thus interfere with timing performance. In the face of such a

conflict one may accentuate the relevant information source: Stronger force application may result in a higher signal-to-noise ratio in

the tactile domain, which could allow for more accurate timing judgements. That is, action-effect-related motor adaptation might not

be caused by uncertainty about the success of the actions, but by the uncertainty about the timing of the actions. A similar ex-

planation was suggested previously for timing errors, and force adjustments induced by delayed auditory feedback (Finney, 1997;

Karlovich & Graham, 1967; Pfordresher, 2005, 2006; Ruhm & Cooper, 1963; Yates, 1965), but intermixing external sounds with self-

induced ones could also lead to a similar tactile-auditory information conflict: There are, however, a few arguments against this

explanation.

First, timing accuracy is, arguably, more relevant for producing a constant pace than for producing random intervals. Thus,

according to the timing-related interpretation of force adaptation, the effect of external tones should be more pronounced in the

constant interval task. (Timing judgements are similarly influenced by the addition of external sounds in both tasks.) In the study,

however the opposite was observed. Second, in fast rhythmic pattern production tasks, where conflicting information about timing is

presumed to play an important role in timing errors, and in force adjustments, the effects of conflicting information from various

feedback sources is usually larger than the effects of completely removing external feedback (Finney, 1997; Gates & Bradshaw, 1974;

Pfordresher, 2005, 2006; Yates, 1965) This is not the case in the current study: In Experiment 1, force increase (compared to the

reliable auditory feedback condition) was much smaller in the motor-auditory mixed (unreliable auditory feedback) than in the

motor (no auditory feedback) conditions. This gradient of force levels is more in line with way the level of feedback about action

success differs across conditions.

5. Conclusion

The results of the study suggest that action-effect-related motor adaptation (i.e., the utilization of auditory effects in establishing

an optimal force level for the actions) is not only affected by the physical action-effect links but also by the environment, in which

self-induced stimuli appear. Reducing the quality of auditory feedback by intermixing external tones with self-induced ones resulted

in similar motor compensation strategies as removing or delaying the auditory effects of the actions. The results strongly suggest that

these context-related effects can be attributed to increased difficulty in determining the source of auditory events when action-effect

contingency is reduced: As participants are uncertain whether a tone can be regarded as relevant feedback on their actions, they tend

to adjust their actions to increase the probability of action success. The findings might also have implications for the designing of

digital interaction devices. The experimental paradigm suggests a way how changes in the environment can be tracked through the

actions of the user, providing the possibility of automatically adjusting the settings of the device to the requirements of the situation.
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4. General discussion 

The four studies reported in the thesis explored whether auditory effects could 

contribute to the motor control of ballistic actions. After finding evidence that auditory effects 

can be used to optimize the force of tone-eliciting actions, I examined how this action-effect-

related motor adaptation was influenced by properties of the action-effect relationship and by 

environmental factors. 

 

4.1. Summary of the studies 

Study 1 showed that in the action-related ERP attenuation paradigm, sounds elicited by 

ballistic actions are not just irrelevant side-effects of the actions. Compared to forces applied 

during silent interactions with an FSR, action forces were substantially reduced when the 

actions elicited pure tones as their sensory effects. This result indicates that auditory effects can 

be utilized as feedback to control tone-eliciting ballistic movements. In accordance with 

previous findings (Becker & Kristeva, 1980; Kutas & Donchin, 1974; Oda, Shibata, & Moritani, 

1996; Slobunov, Hallett, & Newell, 2004; Slobounov, Johnston, Chiang, & Ray, 2002; Wilke 

& Lansing, 1973), I also found that motor-related potentials might be influenced by the force 

of the executed actions: In Study 1, force-related differences were found in the time-range of 

the auditory N1 attenuation effect. This suggests that the force difference between tone-eliciting 

and silent interactions might contribute to the action-related N1 attenuation effect that is 

commonly observed in self-generated sound studies (Baess et al., 2011; San Miguel et al., 2013; 

Schäfer & Marcus, 1973). Beside contributing to the study of motor control processes, the 

findings reported in the first study are also important from a methodological perspective. 

Action-related ERP attenuation experiments often apply a motor correction method to estimate 

the auditory contribution to ERPs elicited by action-sound conjunctions. The procedure is based 

on the assumption that actions and their brain signal reflections are constant in these 
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experiments, regardless of their sensory consequences (Horváth, 2015). Effect-related force 

differences observed in Study 1, and the reflection of these force differences in the ERPs 

indicate that this assumption underlying the motor correction method might be invalid. 

Study 2 suggested that the effect-based adjustment of ballistic actions (termed action-

effect-related motor adaptation) is not limited to the setup used in the first study. The results of 

Study 1 can also be generalized to other action types that are used in psychological experiments 

or in interactions with everyday devices. In Study 1, participants had to elicit tones by pinching 

an FSR. In contrast to most conventional input devices (e.g., buttons, keyboards), successful 

action execution is not signaled by a mechanical transient when interacting with the FSR. This 

could induce a stronger reliance by the participant on the auditory consequences of the actions. 

It could be hypothesized that auditory effects are only utilized for controlling the actions when 

reliable proximal feedback is not available, and they are reduced to irrelevant side-effects 

during interactions with devices that signal action success via tactile stimulation (e.g., 

mechanical transient, physical contact with an object). In Study 2, the results of the first study 

were replicated: When eliciting tones by pinching the FSR, participants utilized auditory effects 

for optimizing the force of the actions. Furthermore, action-effect-related motor adaptation was 

also observed with two other action types: button presses and finger tapping. Regardless of 

action type, force of the actions was reduced when actions were associated with external 

auditory effects, compared to actions without such distal feedback. These results indicate that 

auditory effects contribute to the optimization of action forces, even if reliable proximal 

feedback is also available. This observation dovetails with previous research about tool use. 

These studies suggest that participants prioritize distal modalities over proximal ones if 

feedback from multiple sources is available (Ladwig et al., 2012; Massen & Prinz, 2007).  

In Study 3, temporal constraints of action-effect-related motor adaptation were explored. 

The results suggest that auditory effects can only be used for optimizing the force of the tone-
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eliciting actions if they follow the actions within a very short time window (ca. 200 ms). When 

the action-effect delay was longer than that, actions were performed with the same force as 

actions without external effects. This finding suggests that recognizing the causal relationship 

between an action and the consequent stimulus is not sufficient for action-effect-related motor 

adaptation: rather, this effect-based control mechanism might rely on the automatic integration 

of motor and sensory events. Interestingly, the time window of action-effect integration for this 

offline control process was very similar to the time window of online feedback observed in 

previous studies (Keele & Posner, 1968). Study 3 also suggested that the time window of action-

effect-related motor adaptation was not absolute, it could be modified by experience. 

Participants who were previously adapted to long action-effect delays could utilize effects 

presented at intermediate delays more efficiently for action optimization than participants 

adapted to immediate action effects. This adaptation effect might be explained by the distorted 

perception of the temporal relation between actions and their sensory effects (Cao, Veniero, 

Thut, & Gross, 2017; Elijah, Le Pelley, & Whitford, 2016; Haggard & Clark 2003; Haggard et 

al., 2002). 

Study 3 showed that the effect-based control of ballistic actions is affected by direct 

manipulations of the action-effect connection (e.g., removing or delaying the auditory effects 

of the actions). Study 4 aimed to extend these results and indicated that action-effect-related 

motor adaptation is also influenced by contextual factors. The optimization of action forces was 

less effective if self-induced sounds were generated in an auditory context where they were 

intermixed with physically identical sounds that were initiated by a computer at random points 

in time. The findings indicate that the context-related degradation of feedback quality can 

prompt agents to recalibrate the weighting of different motor control strategies. Instead of 

relying heavily on force optimization, agents start to prioritize strategies that are associated with 

increased force levels (i.e., maximizing general feedback level or probability of action success). 
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In the following sections, I will discuss the two main topics of the thesis. First, 

interpretations of action-effect-related motor adaptation are presented.  This part focuses on the 

contribution of the four studies to the understanding of motor control processes. Second, I will 

examine how the observed motor control phenomena affect the interpretation of prediction-

related ERP components, in particular, how action-related ERP attenuation is influenced by the 

utilization of tones as feedback for the actions.  

 

4.2. The control of ballistic actions 

4.2.1 Action-effect-related motor adaptation 

The main finding of the studies was that external auditory effects can be used as 

feedback to optimize tone-eliciting actions, even if those actions are quick, ballistic movements 

that cannot be adjusted in an “online” manner15, and if the auditory stimuli provide only limited 

information on the execution of the movements. In the case of slower actions, it was already 

established that external feedback can play a substantial role in the control of the movements 

(Kunde et al., 2007; Ladwig et al., 2012; Mechsner et al., 2001). However, it was usually 

assumed that ballistic actions are executed in an open-loop manner, that is, without the 

contribution of sensory feedback (Horváth, 2015). This was supported, for example, by studies 

showing that the timing and force of piano strokes do not change when the sound effects are 

removed (Finney, 1997; Gates et al., 1974; Pfordresher & Palmer, 2002, 2006). What is the 

relevant difference between playing a piano and eliciting sounds by repeatedly pinching or 

hitting an FSR? From an optimization perspective, the most important difference might be that 

 
15 In the General discussion, the topic of online and offline contribution to action-effect-related motor adaptation 
is not elaborated, and the phenomenon is considered a primarily offline mechanism. However, in Appendix 3 
(Supplementary material for Study 3, Section 2), the question is discussed in detail. The only additional remark to 
this topic is that according to Study 4 (Experiment 1) force optimization is similarly effective when relying on 
auditory and on visual effects. As visual feedback loops are considerably slower (Baram & Miller, 2007), online 
control mechanisms would suggest a less pronounced, or even nonexistent motor adaptation when only visual 
action-effects are elicited.   
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force minimization is not among the primary action goals when playing a musical instrument, 

but the agent wants to elicit sounds with variable intensities, and the dynamics of each 

movement change accordingly. A piano performance is not considered optimal if all keys are 

touched with the least amount of force that can be still considered a valid action. On the other 

hand, in the experiments reported here, the only relevant factor in determining the force of the 

actions was the force threshold implemented in the FSR. Force of the actions had no other role 

than to surpass this threshold. Thus, the minimization of force (until the threshold-level) can be 

considered the optimal behavior. 

The comparison of various studies that examine the role of external sensory effects in 

the control of ballistic actions suggests that such movements can be executed relatively 

accurately both with and without relying on external action consequences. Although it was not 

examined in the studies reported here, it might be the case that participants could have executed 

actions with similar force in the motor condition as in the tone-generating conditions, had they 

been instructed to do so. The four studies do not answer the question whether participants are 

able to execute actions in the same way with or without auditory effects. However, they indicate 

that depending on the set of action effects associated with the movements, agents will utilize 

different control mechanisms if they are granted a reltively high level of freedom in action 

execution and only global goals of the actions are determined (i.e., to complete valid actions). 

It is important to note that the findings reported in this thesis might not generalize to all 

situations in which auditory stimuli are generated by ballistic actions. In Study 2, evidence of 

action-effect-related motor adaptation was found with different types of common ballistic 

movements. However, certain characteristics of the setup were constant: (1) The parameters of 

the sounds were not influenced by action parameters. (2) Sounds were elicited in the impact 

phase of the movements, when the signal surpassed the threshold implemented in the FSR. 

Changing these characteristics could lead to different action goals and thus to a different 
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definition of optimal behavior. For example, coupling action force and sound intensity (as it is 

typical in most forms of mechanical contact) could result in participants performing tone-

eliciting actions with increased force to enhance auditory feedback. Triggering sound display 

to the release phase of the movement (common, for example, in touch screens and in wing 

instruments) would also likely lead to vastly different motor patterns. Exploring action 

optimization in different setups might be an interesting topic for future research. However, the 

current studies were not aimed at identifying the general characteristics of ballistic movements, 

but to show that sensory effects are relevant for the motor system even if online control is not 

possible, and the information content of the stimuli is minimal. 

 

4.2.2.  Action-effect-related motor adaptation and theories of motor control: The 

control theory and the ideomotor approach 

In the studies, several interpretations were suggested for action-effect-related motor 

adaptation. The present discussion reiterates only those that can provide a general framework 

for all effects observed in the four studies, and that also fit well with the two motor theory 

approaches described in the introduction. From a control theory perspective, action-effect-

related motor adaptation can be regarded as an energy minimization process16. According to 

the optimization principle, in the reported experiments, participants had two objectives when 

they executed the actions: They wanted to ensure a high probability of action success and reduce 

movement costs as much as possible. When auditory effects reliably signaled successful 

 
16 Minimum energy models (Hatze & Buys, 1977) might provide an adequate description of the observed action-
effect-related motor adaptation phenomenon. During the tasks reported in the thesis simple, stereotypical 
movements were required. For actions with more complex trajectories or more complex action-effect connections, 
different cost functions—like, for example, joint torque (Uno, Kawato & Suzuki, 1989), or endpoint variance 
(Harris & Wolpert, 1998; Harwood, Mezey, & Harris, 1999)—might be necessary to capture the effects of auditory 
feedback. More recent theories of optimization often suggest a flexible control law (Jax et al., 2003; Rosenbaum 
et al., 2001; Todorov, 2004; Todorov & Jordan, 2002). The hierarchy of cost functions might be determined in 
regard to the specific properties of the task: A control mechanism that works well in one context might be 
inadequate in another. Future studies utilizing various action-effect connections and movements with complex 
trajectories could explore how the cost function and feedback control laws are affected by the movement type and 
device setup that is used in an experiment. 
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execution of the actions, participants could rely on this information to monitor action success 

and focus on energy minimization. However, when action success was not indicated by 

distinctive external effects—since only diffuse tactile and proprioceptive information were 

available—increasing force could be regarded as the optimal strategy. In the current setup, this 

behavior increased the probability of action success (i.e., larger forces were more likely to 

surpass the force threshold), as well as the level of proximal feedback, since stronger pressure 

on the interaction device resulted in increased tactile stimulation. According to this optimization 

framework, action-effect-related motor adaptation is a retrospective effect. The adjustment of 

motor parameters is based on feedback about the previous action. In the experiments, sequences 

of ballistic actions were performed. In this case, the adjustment of motor patterns might be 

supervised by an intermittent control system (Gawthrop et al., 2011; Loram et al., 2014; 

Wolpert, 1992): Movements are executed in a pre-planned, open-loop manner, while the 

processing of feedback and the adjustment of motor plans happens in the “rest phase” between 

two actions. 

The optimization approach gives a good account of the basic force adaptation 

phenomenon (Studies 1 and 2) and it can also be successfully applied to the interpretation of 

context-related effects (Study 4). The interpretation of delay effects (Study 3), however, is not 

evident within this framework. If the retrospective adjustment of motor plans is based on 

feedback about the actions, it seems reasonable to assume that information presented at any 

point in time after an action would be utilized by the control system, as far as the causal 

connection between action and stimulus is recognizable. However, the results of Study 3 

suggest that this is not the case: Sensory feedback can only be utilized if it follows the action 

within a short time window (ca. 200 ms). In the case of high action-effect contingency, 

recognition of causality is possible even with relatively long delays (Buehner & McGregor, 
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2009; Shanks et al., 1989). This suggest that motor adaptation relies on a different form of 

action-effect integration. 

The two-step models of agency (Gallagher, 2005; Synofzik, Vosgerau, & Newen, 2008) 

might provide an explanation for the temporal constraints of action-effect related motor 

adaptation.  This theory suggests that sense-of-agency has two components: The first is related 

to the recognition of causality. The second component is based on the automatic integration of 

motor and sensory events within a short time window. This contiguity dependent, pre-reflective 

agency might be the prerequisite of action-effect-related motor adaptation. The idea is also 

consistent with the suggestion that multiple control processes operate in parallel during the 

optimization of action forces. Study 3 suggested that beside the fast adaptation process that 

leads to optimization within a few trials, a gradual adjustment, executed at a much slower rate 

(i.e., hundreds of trials), might be also present. The fast adaptation could be attributed to the 

second factor, pre-reflective agency, which requires a high level of temporal contiguity. As the 

slow adjustment can be also observed at longer action-effect delays, this process might rely on 

the first factor of agency that is related to the recognition of causal relations. 

The ideomotor theory of action control similarly presumes a binding of motor and 

sensory events that is independent from causality representations. According to the theory of 

event coding (Hommel et al., 2001), if an action and a sensory stimulus appear in close temporal 

proximity (the order of the events being irrelevant in this case), their features are bound into 

event files. The activation of an element within the event file automatically spreads to the whole 

file, which can explain the selection and initiation of actions based on the anticipation of their 

sensory consequences (Hommel, 2009). The proposed integration window of event files is 

around 200-300 ms, thus, the idea might provide an explanation for the delay effects observed 

in Study 3. This explanation suggests that the ideal condition for effect-based force optimization 

might be if participants regard the action and the effect as one event (i.e., eliciting a tone by a 
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button press). However, if they are perceived as two causally related but distinct events (i.e., 

performing a button press that is followed by a sound), the efficiency of motor adjustments 

might be drastically reduced. To explore such possibilities further studies would be necessary 

that could examine the link between action-effect-related motor adaptation and the subjective 

experience of action-effect relationships.  

In contrast to the control theory approach, ideomotor theory suggests a predictive 

explanation for action-effect-related motor adaptation. The primary function of action-effects 

might not be to provide feedback about the movements, but to represent action goals. According 

to the ideomotor theory, the anticipation of action goals determines the selection and initiation 

of general motor plans, but it also influences the specification of motor parameters that define 

movement trajectories (Hommel, 2010). In the current experiments, auditory effects arguably 

represent clearer, more distinctive action goals than the diffuse proximal action effects. 

Furthermore, human agents usually prefer the utilization of distal action effects over proximal 

ones (Kunde et al., 2007; Ladwig et al., 2012;). These two factors indicate that the selection of 

action plans and motor parameters might be more efficient when interactions with the FSR are 

associated with distinctive auditory effects. Reduced force levels during tone-eliciting 

interactions might be explained by this increased efficiency of motor selection and planning. 

Similar tendencies (i.e., distal action effects contributing to the enhancement of motor control 

processes) could be observed in a study that showed that actions associated with external task-

irrelevant auditory action consequences are initiated faster in a serial reaction time task than 

actions without such effects (Conde, Altenmüller, Villringer, & Ragert, 2012). In sum, the 

ideomotor explanation suggests that motor control processes are primarily influenced by 

anticipating the sensory consequences of the subsequent action. This view is in contrast with 

the retrospective interpretation of the control theory approach, which attributes the influence of 

the auditory action-effects to the evaluation of the preceding event.  
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The results presented in the thesis are consistent with both the optimization-based and 

the ideomotor interpretation of action-effect-related motor adaptation. Future studies could 

explore this issue by applying experimental designs that could distinguish between predictive 

and retrospective factors of force adjustment. Such methods could be based on manipulating 

the predictability of the action effects. Understanding of the mechanisms underlying action-

effect-related motor adaptation could also be promoted by further exploration of the relationship 

between force optimization and the recognition of causal connections. Examining correlations 

between sense-of-agency and force optimization could contribute to a better understanding of 

the strategic and automatic factors in motor control. 

Although the nature of action-effect links that are the prerequisites of action-effect-

related motor adaptation are not yet fully understood, the studies revealed some insight into the 

factors that influence the extent to which information provided by sensory effects can be utilized 

for controlling the actions related to them. On the one hand, factors of associative learning, like 

contingency and temporal contiguity seem to influence the utilization of auditory effects in 

motor control processes. Associative learning has been also suggested to underly other forms 

of action-effect interactions like ideomotor binding (Elsner & Hommel, 2004), sensory 

attenuation (Schröger et al., 2015), and recognition of agency (Buehner & McGregor, 2009; 

Shanks et al., 1989). On the other hand, results of our studies also dispute a direct relationship 

between associative learning mechanism and action-effect related motor adaptation, since the 

time windows of the referenced phenomena are often substantially longer than the time window 

of action-effect-related motor adaptation. Furthermore, in the case of associative learning 

mechanisms, relatively long exposure is necessary to establish a link between two related 

events, while action-effect-related motor adaptation appeared to require only a few trials for 

effective force optimization. This suggests that while the slow optimization process (i.e., 

requiring hundreds of trials) observed with longer delays (400 ms) in Study 3 might be a 
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reflection of associative learning mechanisms, the fast optimization apparent at short delays 

could rely on a different, more automatic form of action-effect binding. It has to be noted, 

however that the automaticity of this binding process is limited: The action-effect link is not 

determined completely by a motor and a sensory event appearing within a certain time window, 

since Study 4 also reported a significant influence of auditory context. That is, action-effect-

related motor adaptation might be affected by a wider range of events, not just those that fall 

within the time window of integration. 

In the reported studies, the development of force levels during repeated executions of 

tone-eliciting actions often indicated a stepwise adjustment of the actions. This mechanism 

would dovetail with the optimization approach and might support the reinforcement function 

of the auditory effects: If a sound confirms that an action was successful, during the subsequent 

movement, the force can be lowered. However, as in the current studies the order of the blocks 

was usually randomized, a valid assessment of such processes was not possible. Exploring 

stepwise optimization could provide further insight into a number of interesting topics. For 

example, the time scales of action-effect binding and action optimization, or factors influencing 

the storage and recalibration of motor parameters could be investigated by experimental and 

statistical methods that can capture trial-by-trial changes in motor parameters.  

 

4.2.3. Practical applications 

Beside contributing to theories of motor control, observations about action-effect-

related motor adaptation could also have practical implications. The two-step model of agency 

and the dissociation of causal representations and motor behavior might indicate that different 

aspects of the action-effect relationship are captured by the assessment of subjective experience 

and by the analysis of physical action parameters. This observation could be considered when 

digital interaction devices are constructed: Delay-related effects suggest that subjective 
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experience might be unreliable when the efficiency of sensory feedback is judged, and the 

properties of action-effect connections should rather be determined by analyzing the objective 

parameters of actions. The context-effects observed in Study 4 can also be integrated into 

intelligent interactive systems. The results of that study indicate that action parameters are 

adjusted according to changes in the sensory context. If a device is able to sense such changes 

in the motor patterns (e.g., increase of action forces due to higher noise levels in the 

environment), an adaptive system could initiate adjustments to find settings that match the 

requirements of the situation. Such engineering aspects can be implemented in everyday 

devices like smart phones or control boards, but optimal feedback design can also be useful in 

developing automatized tools that support the motor rehabilitation of stroke patients, or patients 

suffering from various motor disorders.  

Action-effect-related motor adaptation is likely based on the ability of establishing a 

link between actions and their sensory consequences. The phenomenon could be possibly used 

as a diagnostic tool in disorders that are characterized by impaired sensorimotor integration 

(e.g., schizophrenia: Feinberg, 1968; Ford & Mathalon, 2012; Frith, 2000). Several behavioral 

and electrophysiological markers have been developed to identify subjects affected by such 

disorders, and a procedure based on action-effect-related motor adaptation might provide a 

time- and cost-efficient addition to these methods. 

 

4.3. Action-related ERP attenuation revisited 

Action-effect-related motor adaptation was first observed in Study 1, which investigated 

action-related auditory ERP attenuation. The paradigm administered in this study involves a 

motor correction procedure (see: 1.1.6.). This method builds on the assumption that the actions 

that participants perform in such experiments are executed in a similar fashion, regardless of 

the sensory effects associated with them (Horváth, 2015). The substantial difference between 
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the force of tone-eliciting and silent actions challenged the validity of this assumption. These 

novel findings might influence the interpretation of the action-related ERP attenuation effect. 

Force-related ERP effects have been observed in previous studies (Becker & Kristeva, 

1980; Kutas & Donchin, 1974; Oda et al., 1996; Slobounov et al., 2002; Slobunov et al., 2004; 

Wilke & Lansing, 1973). Beside reporting the first evidence of action-effect-related motor 

adaptation, Study 1 also indicated that the brain signal reflections of actions are affected by the 

force of the executed movement. In Study 1, a force-related effect was observed in the time 

range of the N1 attenuation effect, suggesting that action-related ERP attenuation might be 

biased by force differences. This could be examined in future experiments: The force of actions 

with and without auditory effects might be equalized by applying different threshold settings to 

the FSR in the motor and motor-auditory conditions. 

However, force differences are likely just a reflection of the different motor control 

mechanisms that underly tone-eliciting and silent interactions with the FSR. Instead of 

predictive effects, ERP attenuation might reflect the motor role of auditory stimuli. As effect-

based control processes only operate when tones are elicited by the actions, the motor correction 

method using a motor condition with silent actions cannot control such motor control related 

factors. An adequate motor control condition can only be applied by eliminating motor control 

differences between the motor and motor-auditory conditions. Manipulations of the FSR 

threshold would not achieve this goal, because raising the action-threshold in the motor-

auditory condition would not eliminate optimization tendencies–it would only establish a 

different value for the optimum. Participants would execute stronger actions, but they would 

still use the tones to optimize their actions. Such motor control influences could be substantially 

reduced by administering a task in which participants are not motivated to use the auditory 

effects as feedback about the actions. This could be, for example, producing a pre-determined 

force pattern regardless of the auditory effects. If the task is independent of the force threshold 
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implemented in the FSR, the elicited tones might indeed be regarded as irrelevant side-effects 

of the actions. In this case, application of the motor control method would be adequate. Future 

studies are needed to investigate whether it is possible to meet such criteria without inducing 

uncontrolled attentional effects, while also maintaining the predictive relationship between the 

action and its sensory effect. 

It is important to note, that currently no reliable method is available that could substitute 

the conventional motor correction procedure. Thus, the considerations outlined in the previous 

section should not be regarded as an argument against the use of this method. However, 

researchers who use the ERP attenuation paradigm should be aware of the implications related 

to the motor utilization of action effects. Based on the suggestions described above, it might be 

possible to improve the motor correction method and to identify ERP components that are 

genuine reflections of predictive processing.  

Predictive processes are usually thought to underlie the N1 and P2 attenuation effects, 

but they might also influence other ERP components. In relation to self-generated sounds, pre-

movement components of motor potentials, like the readiness-potential (RP) and the lateralized 

readiness potential (LRP) have been linked previously to the forward model mechanism (Ford 

et al., 2014). As such ideas are based on the comparison of actions with and without predictable 

effects, the results about action-effect-related motor adaptation presented here constitute a 

similar challenge for them as for ERP attenuation phenomena: Actions with and without 

auditory effects do not only differ in the consequences associated with them, but also in their 

execution, and possibly also in the mechanisms that are controlling the movements. Until an 

adequate comparison is established, it is difficult to determine whether an effect should be 

attributed to predictive processes or to motor control mechanisms (e.g., selection, planning, 

monitoring). This argument is supported by the current study, which found that differences in 
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RPs related to sound-eliciting and silent actions seem to be related to the force of the actions, 

rather than to predictions about the sensory action-effects. 

As discussed in the Introduction (see 1.2.3.), studies investigating action-related effects 

on perceptual processes often rely on a simplified concept of sensory-motor interactions, 

suggesting that sensory and motor processes can be distinguished and separated with relative 

ease. This view has been transcended by recent theories of cognition, and theoretical 

frameworks like embodied cognition, TEC (theory of event coding) or predictive coding theory 

emphasize the interwoven nature of perception and action (Hommel, 2015; Hommel et al., 

2001; Hohwy, 2013; Noe, 2006), casting doubt over the validity of methods that rely on the 

distinct separation of sensory and motor processes. While studies reported in the thesis were 

not designed to explore such theoretical questions, our results suggest that in experimental 

paradigms utilizing self-generated sounds, action perception interactions are more complex and 

the separation of motor and sensory processes more problematic than it is assumed by 

traditional approaches. 

 

5. Conclusion 

The four studies reported in the thesis provide converging evidence for the motor 

utilization of auditory action effects. They show that the execution of the actions can be 

influenced by action-effect-related motor adjustments, even when the possibility of online 

control is limited.  In the reported experiments, auditory effects contributed to the reduction of 

action forces applied by the participants. It remains to be seen how these observations 

generalize to other action-effect settings. Using auditory feedback with higher informative 

value, or changing the threshold settings of the input device, for example, might result in 

different optimization criteria than the energy minimization tendency indicated by the current 
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results. Exploring these questions could help us gain a better understanding of offline action 

control mechanisms.  

Regardless of the theoretical implications, action-effect-related motor adaptation, as 

observed in the reported experiments, offers new perspectives with regards to the experimental 

methods used in the study of self-generated stimuli. Moreover, it can also contribute to the 

design of digital devices used in everyday life or for medical purposes. Our results show that 

the feedback function of the stimuli must be taken into consideration when assessing perceptual 

and motor processes related to self-generated sensory events. Observations regarding the role 

of temporal and contextual factors in the utilization of sensory feedback might also contribute 

to the development of tools with intelligent, adaptive feedback mechanisms.  
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Appendix 1: Supplementary material for Study 1 

Consequences matter: self-induced tones are used as feedback to optimize tone-eliciting 
actions 
 
Bence Neszmélyi, János Horváth 
 

Supplementary material 

Separation of the supra-temporal and modality-non-specific N1 sub-components 

A secondary goal of the present experiment was to examine the contributions of auditory 

and modality-non-specific processes to the action-related attenuation of the N1 waveform. N1 

comprises a number of overlapping components, including one which is generated in the supra-

temporal cortex, and another presumably reflecting modality-non-specific processing 

(Näätänen & Picton, 1987). Although MEG studies indicate that action-related attenuation 

affects the supra-temporal component (Horváth et al., 2012; Martikainen et al. 2005), a recent 

study by San Miguel et al. (2013) suggested that in the ERPs, the attenuation of the modality-

non-specific component is dominant. In their experiment, San Miguel et al. (2013) separated 

different sub-components of N1, and examined how self-induced actions affect these sub-

components at different SOAs. They administered three conditions with isochronous 

action/tone-presentation rates (0.8 s, 1.6 s, 3.2 s) in separate experimental blocks. Action-related 

ERP attenuation could be observed at the vertex for all presentation rates; the magnitude of the 

attenuation effect was, however, numerically the largest for the longest interval. Because with 

longer SOAs the relative contribution of the modality-non-specific component of the N1 

waveform increases, this suggests that action-related N1 attenuation was dominated by the 

attenuation of this sub-component.  

In a previous (unpublished) study, we found that tones presented in band-limited noise 

in a tone-detection task elicited double-peaked N1 waveforms, with the first peak exhibiting a 
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polarity inversion at the mastoids.  Because of this, we assumed that presenting tones in noise 

could be useful for separating the supra-temporal and the modality-non-specific N1 sub-

components. By using this experimental setup in a classic auditory ERP attenuation paradigm, 

our goal was to test the conclusions of SanMiguel et al. (2013), as we hypothesized that 

separating supra-temporal and modality-non-specific components will make it possible to 

estimate the magnitude of the attenuation effect independently for these two N1 sub-

components. Amplitude measurements were averaged in a 20-ms time window around the peak 

of each sub-component and compared with two-tailed paired Student’s t-tests. For the specific 

stimulation parameters see Methods.  

Furthermore, because in the present study the participants’ task was to produce a 

uniform SOA distribution in the 2 to 6-s range in each experimental block, the SOA dependence 

of the attenuation-effect could also be tested within the same condition. Here it was 

hypothesized, in accordance with the suggestion by SanMiguel et al. (2013), that the magnitude 

of attenuation would increase with longer SOAs. To test this, short- and long-SOA events were 

defined as the third of the trials with the shortest, and the third with the longest SOAs (for each 

participant in the motor-auditory condition). Both N1 (supra-temporal and modality-non-

specific) sub-component- and P2 amplitudes were submitted to 2-way SOA (short, long) × 

condition ANOVAs. For this analysis, N1 and P2 amplitudes were calculated as signal averages 

in the 20-ms time window centered on the negative (N1) and positive (P2) signal peaks in the 

group-average waveform for events with long SOAs in the auditory condition (at the electrode 

with the highest N1 and P2 amplitude respectively). 

 

Results 

Presenting the tones in band-limited noise did not yield the expected results, as double-

peaked N1 waveforms could not be observed at the midline electrodes where action related ERP 
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attenuation effects are usually measured (FCz, Cz). They were, however, evident at more lateral 

sites (Figure S1.), with the most pronounced separation observable at C5 in the auditory 

condition.  As the hypothesized double-peaked N1 was not observed at the vertex; however, the 

two peaks at C5 corresponded with the latency of the positive peak at the mastoid and the largest 

negative peak at the vertex, time windows for the N1 sub-components were determined 

according to these latter deflections. Significant ERP attenuation was found in the time window 

centered at the peak in the mastoid signal: the amplitude was significantly lower (i.e. less 

positive at the mastoid, and less negative at the FCz) in the corrected motor-auditory waveform 

than in the auditory one, both in the mean mastoid signal (t(15) = 3.042,   p = .008) and at FCz 

(t(15) = -3.728, p = .002). For the results regarding the attenuation of the N1 component at FCz 

see main text. These results replicate and extend the results of SanMiguel et al. (2013). The 

significant effect at the mastoid leads confirms that the supra-temporal N1 sub-component was 

attenuated when the tone was elicited by an action. 

Participants complied with the instructions producing close to uniform SOA 

distributions in the 2—6-ms time-range. The variance in SOAs was 1.287 s in the motor and 

1.174 s in the motor-auditory condition. This made it possible to select a set of actions (and 

corresponding tones) with long and short between action/stimulus intervals, and average the 

corresponding EEG epochs separately for each participant.  

In contrast to the study of SanMiguel et al. (2013) the between-event (tone or action) 

interval had no effect on the magnitude of either the N1 amplitude or its attenuation. For the 

supra-temporal sub-component the SOA (short, long) × condition (corrected motor-auditory, 

auditory) ANOVAs of the amplitudes showed only significant condition main effects at FCz 

(F(1,15) = 9.604, p = .007, η² = .171) and the mastoids (F(1,15) = 5.927, p = .028, η² = .110), 

signaling action-related attenuation, but no main effect of SOA (at FCz: F(1,15) = 0.022, p = 

.885, η² < .001; at the mastoids: F(1,15) = 2.200, p = .159, η² < .001) or interaction (at FCz: 
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F(1,15) = 0.035, p = .854, η² < .001; at the mastoids: F(1,15) = 0.028, p = .871, η² <.001) was 

found. The same type of ANOVA of the modality-non-specific N1 amplitudes at FCz  also 

showed only a significant condition main effect (F(1,15) = 33.589, p < .001, η² = .318), 

indicating action-related ERP attenuation, and no effects related to the between-event intervals 

could be observed (SOA main effect: F(1,15) = 0.048, p = .830, η² < .001; SOA × condition 

interaction: F(1,15) = 0.016, p = .902, η² < .001).  

The SOA (short, long) × condition (corrected motor-auditory, auditory) ANOVA of the 

P2 amplitudes at Cz revealed only a condition main effect (F(1,15) = 12.469, p = .003, η² = 

.231), indicating action-related attenuation, but no significant SOA main effect (F(1,15) = 

0.142, p = .712, η² = .001), or interaction (F(1,15) = 0.414, p = .530, η² = .005) was found.  

The lack of SOA-related effects could be simply explained by the fact that differences in N1 

recovery should be larger for 0.8 and 3.2-s SOAs – reported in the experiment of SanMiguel et 

al. (2013) – than for 2.67 (mean for short SOAs) and 4.97-s (mean for long SOAs) between 

stimulus intervals featured in our experiment, despite the difference between the two SOA 

categories being of similar magnitude. Another cause for the absence of SOA-based effects 

could be actions and stimuli with long and short intervals being featured within the same blocks. 

The increased variability in the SOAs (compared to tasks where participants have to perform 

the actions in an even tempo) could result in important changes both for actions in the motor, 

motor-auditory blocks (decreased rhythmicity and—possibly—increased  attentional 

demands), and for sounds in the auditory condition (decreased temporal predictability), which 

may have also affected N1 amplitudes and the magnitude of the ERP attenuation effect (Lange, 

2013).  
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Figure captions 

Figure S1. Group-averaged ERP waveforms elicited in the auditory, motor, and motor-auditory 

conditions at various electrodes. The figures on the top show the estimation of the auditory 

contribution to the ERPs elicited by compound action-sound events. The figures on the bottom 

display the group-average auditory and corrected motor-auditory waveforms. Gray bars mark 

the 20-ms time windows used for amplitude measurements. P values show significance levels 

of two-tailed, paired Student’s t tests comparing amplitude values in the two conditions.  
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Figure S1.
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Appendix 2: Supplementary material for Study 2 

 

Supplementary figures for 

Action-effect related motor adaptation in interactions with everyday 

devices 

János Horváth, Botond Bíró, Bence Neszmélyi 

 

Captions 

Figure S1. Peak forces and their latencies for each participant in the motor-auditory and motor 

conditions of the Pinch Experiment. 

Figure S2. Peak forces and their latencies for each participant in the motor-auditory and motor 

conditions of the Button Experiment. 

Figure S3. Peak forces and their latencies for the first force peaks for each participant in the 

motor-auditory and motor conditions of the Tap Experiment. The apparent discretization of the 

latencies is due to the sampling interval of 1 ms. 

Figure S4. Peak forces and their latencies for the second force peaks for each participant in the 

motor-auditory and motor conditions of the Tap Experiment. 
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Appendix 3: Supplementary material for Study 3 

 

Supplementary material for 

Temporal constraints in the use of auditory action effects for motor 

optimization 

Bence Neszmélyi, János Horváth 

 

1. Exploratory analyses of trial-by-trial motor adaptation 

Neszmélyi and Horváth (2017) suggested that the difference in force between actions 

with and without distinctive auditory effects might be the result of trial-by-trial force 

optimization in conditions in which actions elicited a sound. That is, during the first trials of a 

block, if the applied force is sufficiently strong to elicit a sound, participants apply a reduced 

pinch force in the subsequent trial. Although the present experiments were not designed with 

the goal to analyze such tendencies, exploratory analyses were conducted on the data of 

Experiment 3 to assess such within-block changes in action force.  

Analysis of within-block force optimization tendencies is not reported for Experiment 

1 and 2. Results of Experiment 3 indicated that action-effect-related motor adaptation at a 

certain action-effect delay might be affected by prior exposure to different delays (see Main 

text: Experiment 3, Results). In Experiment 3, participants of a given group performed the 

experimental blocks in the same order, thus—at any point in the experiment—optimization 

performance of each participant was affected by the same experience. Therefore, variability 

within a given group only represents differences in the individual responses to identical 

circumstances. As Experiment 1 and 2 were designed to examine action-effect-related motor 

adaptation in a within-participant design (in contrast to the between-participant design of 
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Experiment 3), block order was randomized in these studies to eliminate block-order effects. 

On one hand, this increased the validity of comparing action forces in a blocked manner. On 

the other hand, however, as prior experience of participants differed when encountering a 

certain action-effect delay, variance in trial-by-trial optimization reflects not only individual 

variance in the ability of using tones with a given delay for controlling actions, but also a 

variability in prior experience. As these factors cannot be separated in a group-level 

visualization and analysis of the data, interpretation of within block tendencies would not be 

straightforward in these experiments. 

In Experiment 3, the distribution of individual forces in each group was plotted trial-to-

trial for each block (Figure S1-S4).  These plots suggested that the development of the 

optimization process was different in the two groups. To statistically explore these tendencies 

(post-hoc), each block was divided into three parts (1st, 2nd and 3rd part, Figure S5), and the 

median force was calculated for each participant in each condition and part. The within-group 

force differences between parts were examined by Friedman’s tests in each group and block 

(with pairwise Wilcoxon signed-rank tests used for follow-up analysis), while between-group 

differences were assessed by submitting force values to Wicoxon rank-sum tests. Effect sizes 

were estimated by calculating the rank biserial correlation coefficient (King, Rosopa, & 

Minium, 2011; Kerby, 2014). 

The visual inspection of Figure S1 suggests similar tendencies in the two groups in the 

motor condition: a gradual, slow increase in force. The Friedman’s test comparing the block 

parts (see Figure S5, top, left), however, was only significant for the 0-ms delay-adapted group 

(χ2(2) = 13.857, p < .001). Follow-up analyses revealed that for this group the applied force in 

the first part differed significantly from those in the second (T = 10, p = .005, r = .810) and third 

(T = 3, p < .001, r =.943) block parts. No significant between-group difference was found in 

any of the block parts. 
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The analysis of the adaptation block is described in the main text. (See Figure S2 for 

trial-by-trial distribution of individual pinch force values in this condition.)  

The visual inspection of Figure S3 suggests that in the test block (200-ms delay for both 

groups), the 400-ms delay-adapted group optimized the force level trial-by-trial during the first 

ca. 20 trials, whereas for participants adapted to 0-ms delays no trial-by-trial optimization is 

apparent. The Friedman’s tests, however, did not show significant differences between block 

parts for either group (see Figure S5, bottom, left) which may suggest that if there was indeed 

a stepwise optimization in the 400-ms delay-adapted group at the beginning of the block, then 

this occurred more rapidly than the resolution of the measurement interval (i.e., the aggregation 

over 20 actions) allowed. The force differences between the groups were significant for all three 

block parts (1st: U = 41, p = .014, r = .549; 2nd: U = 33, p = .004, r = .637; 3rd: U = 39, p = .011, 

r = .571).  

For the analysis of the control block the same principles apply as for the analyses 

reported in the main text: Between-group differences cannot be unequivocally interpreted, 

because there was more than one factor (action-effect delay in the block and prior experience) 

that might have affected performance of the two groups differently. In the control block, pinch-

forces of the 400-ms delay-adapted group seem consistent during the block (in this condition 

eliciting tones with 0-ms delay), whereas the 0-ms delay-adapted group (in this condition 

eliciting tones with 400-ms action-effect delay) seems to gradually reduce pinch forces in the 

first part of the experiment (Figure S4). Confirming this observation, Friedman’s test comparing 

action forces in the block parts (Figure S5, bottom, right) was only significant in the 0-ms delay-

adapted group (χ2(2) = 10.429, p = .005). The follow-up analysis indicated that in this group 

the applied force was stronger in the first part than in the second (T = 18, p = .030, r = .657) 

and third (T = 3, p < .001, r = .943) parts. The applied force was significantly stronger in the 0-
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ms delay-adapted group than in the 400-ms delay-adapted group in all three block-parts (1st: U 

= 5, p < 0.001, r = .945; 2nd: U = 13, p < 0.001, r = .857; 3rd: U = 21, p < 0.001, r = .769).  

 

2. Online and offline factors in action-effect-related motor adaptation 

Previous studies usually regarded tone eliciting actions like button pressing or tapping 

as ballistic (Chase, Harvey, Standfast, Rapin, & Sutton, 1961; Chase, Rapin, Gilden, Sutton, & 

Guilfoyle, 1961; Finney & Warren, 2002; Karlovich & Graham, 1966, 1967; Neszmélyi & 

Horváth, 2017). That is, it was assumed that movement execution is predetermined, and online 

movement adjustments in response to sensory events occurring during the movement do not 

play a substantial role. Action-effect-related motor adaptation was also observed with such 

ballistic action types (i.e., tapping on a table, or pressing a button: Horváth, Bíró & Neszmélyi, 

in press), suggesting that—at least in those cases—the phenomenon reflects action planning 

processes. Although for such movements—executed in a time frame below 60 ms—the 

involvement of online motor adjustments is clearly unrealistic, for pinching—based on the 

latency of the force peaks (Table S1)—one could still argue that the effects reported in the 

present study could reflect online control processes and not differences in action planning. 

Indeed, the assumption that participants increase pressure on the device until they perceive the 

elicited tone, would provide a plausible explanation for the observed delay-dependent effects. 

Tone onset would signal that the force threshold was exceeded, and—in response—participants 

could initiate a pinch release. Longer action-effect delays would provide an extended time 

frame for increasing pressure on the device, which could explain higher peak forces in these 

conditions.  
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Table S1. 
Signal peak latencies in Experiment 1 and 2 
Experiment 1  Experiment 2 
Blocks/ 
Action-
effect 
delay 

Median 
peak 

latency 
(ms) 

IQR (ms)  Blocks/ 
Action-
effect 
delay 

Median 
peak 

latency 
(ms) 

IQR (ms) 

0-ms 91 31  0-ms 84 33 
200-ms 170 136  50-ms 106 65 
400-ms 170 116  100-ms 122 63 
800-ms 161 93  200-ms 148 68 
1600-ms 185 110  Motor 192 70 
Motor 196 131     
*note: For the estimation of the inter quartile range (IQR) the method recommended by Hyndman and Fan 
(1996) was applied. 

 

A closer inspection of the force signals, however, makes this explanation unlikely. If 

action execution is indeed determined by online mechanisms, force peaks should unequivocally 

signal a time point when these control processes are already at work. (Although considering the 

interplay of flexor and extensor muscles in determining the dynamics of the actions, a reaction 

to tone onset has to start several milliseconds before the force signal peak.) Two temporal limits 

might be considered for actions being affected by online control processes: It is physically 

impossible that online control mechanisms could affect actions, if the force signal peaks before 

the tone presentation. However, considering human reaction times to sensory stimuli, it is also 

physiologically implausible that actions would be affected by online processes in the first 60 

ms after tone presentation—even considering that reaction times might be enhanced by a startle 

response (Carlsen, Dakin, Chua, & Franks, 2007; Valls-Solé, Rothwell, Goulart, Cossu, & 

Munoz, 1999; Valls-Solé, Solé, Valldeoriola, Munoz, Gonzalez, & Tolosa, 1995), or the fact 

that reactions are faster for movement adjustments, than for starting a motor response 

(Gritsenko, Yakovenko, & Kalaska, 2009; Haith, Pakpoor, & Krakauer, 2016). Thus, if the 

force signal peaks before tone delay + 60 ms, potential contributions of online control 

mechanisms can be excluded with high certainty. Given the force peak latencies in Experiment 
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1 and 2 (Table S1), online control mechanisms may only contribute to 0 and 50-ms delay 

conditions. (Presuming more realistic reaction times, it seems unlikely that online processes 

play a substantial role even in the 50-ms delay condition.) 

However, it still could be argued that adaptation with short (100, 200 ms) action-effect 

delays reflects offline optimization, while the immediate condition (and maybe the 50-ms delay 

condition) is dominated by online mechanisms. (As action-effect-related motor adaptation was 

also observed when immediate auditory effects were elicited by button presses, or by tapping 

on the table—in which cases online control is unlikely—this online effect would be specific 

both in regard to temporal properties of action execution and to length of action-effect delay.)  

To address this issue, for Experiment 1 and 2, pairwise comparisons reported in the main 

text were repeated, but instead of using force maxima to characterize actions, a measure that 

should exclusively reflect motor planning (offline) processes was applied17. Because online 

mechanisms are unlikely to contribute the movement in the first 60-ms following tone onset, 

we characterized each action by its impulse (integral of the force signal) in the 10–60-ms 

interval. (Between the actions, participants held the response device between their fingers, 

resulting in a small, below-threshold force being applied to the FSR, even when actions were 

not produced. The first 10 ms of the registered actions was discarded when determining the 

force impulse, so that the measure would not be affected by this “baseline” force level, and the 

calculated values would reflect the dynamics of the individual actions.) As for the force peaks, 

for each participant, in each condition, the median impulse in the given condition was 

calculated, and between-condition differences were explored by pairwise Wilcoxon signed-

rank tests (with Holm correction). The results (shown in Table S2 and S3, and in Figure S6) are 

 
17 The analyses using the impulse (force integrated over time) measure are only reported in the Supplementary 
material. Although impulse is a useful measure in the present study because it allows the characterization of the 
ballistic part of the actions, in general, peak force (which is widely used in the literature) may be a better option 
for the characterization of actions, because the force peak corresponds to the point of maximal tactile feedback 
(Kunde, Koch, & Hoffman, 2004), therefore it may be a distinguished point (or even a goal) of the interaction. 
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very similar to those observed when characterizing actions with force maxima. Importantly, the 

impulse was significantly smaller in the 0-ms delay condition than in the motor condition in 

both experiments, which shows that these motor differences were caused by processes related 

to action planning18. 

Table S2. 

Pairwise comparison (Wilcoxon signed-rank tests, with Holm correction) of 
the six conditions in Experiment 1 using the force integral in the 10—60-ms 
interval 
Condition/ 
Action–effect 
delay 

0 ms 200 ms 400 ms 800 ms 1600 ms 

200 ms 44** 

(.783)   
- 

 
- 

 
- 

400 ms 
44** 

(.783) 
174 

(.143) 
 
- 

 
- 

 
- 

800 ms 
22*** 

(.892) 
147 

(.276) 
105 

(.483) 
 
- 

 
- 

1600 ms 
46** 

(.774) 
189 

(.069) 
137 

(.325) 
157 

(.227) 
 
- 

motor 
37*** 

(.818) 
136 

(.330) 
85 

(.581) 
181 

(.108) 
135 

(.335) 
*note: For the Wilcoxon signed-rank tests T-values are displayed (with the r rank biserial 
correlation coefficient in parentheses).  
Significance values:*p < .05, **p < .01, ***p < .001 

 

  

 
18 Although with the force impulse measure  in the 10–60-ms interval no significant effect was found in the first 
experiment for the 200-ms delay condition, an optimization effect was also present in this condition, when using 
the 150—200-ms interval for calculating the force impulse (T = 85, p = .042, r = .581). This time window can still 
not be affected by online reaction to the auditory action effect, when the auditory stimuli are presented with a 200-
ms delay 
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Table S3. 
Pairwise comparison (Wilcoxon signed-rank tests, with Holm correction) of the 
five conditions in Experiment 2 using the force integral in the 10—60-ms interval 

Action–effect 
delay/Condition 0 ms 50 ms 100 ms 200 ms 

50 ms 72* 

(.619) - - - 

100 ms 74* 

(.608) 
155 

(.180) - - 

200 ms 27*** 

(.857) 
103 

(.455) 
94 

(.503) - 

motor 3*** 

(.984) 
6*** 

(.968) 
9*** 

(.952) 
39*** 

(.794) 
*note: For the Wilcoxon signed-rank tests T-values are displayed (with the r rank biserial 
correlation coefficient in parentheses).  
Significance values:*p < .05, **p < .01, ***p < .001 

 

3. Carry-over effects for Experiment 1 and 2 

As described in the main text, Experiment 1 and Experiment 2 were preceded by 

experiments which examined processes of action-effect-related motor adaptation in a 

between-group arrangement (see Figure 1 and 4 in the main text; Experiment 2 was 

preceded by the experiment reported as Experiment 3 in the current study; the experiment 

that was completed before Experiment 1 is not reported in this study.) Although a short 

break and additional training blocks were inserted between experiments, it is possible that 

carry-over effects influenced the results of Experiment 1 and 2. To test this, in both 

experiments, participants were divided into two groups, according to their group 

assignments in the preceding experiments. Pinch forces were compared between groups 

across all blocks, and all force-analyses reported in the main text were performed separately 

for the groups.  
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Before Experiment 1 an experiment was conducted, which half of the participants 

(group A; N = 14, age: 19–24, female: 12, right-handed: 13) started with two consecutive motor 

blocks (no tone elicited by the actions), and then concluded with two blocks in which FSR-

pinches elicited immediate auditory effects (pure tone, with the same acoustic features as in 

Experiment 1). The other group (group B; N = 14, age: 18–24, female: 14, right-handed: 14) 

performed motor and immediate auditory effect conditions (also two consecutive blocks of each 

block type) in reverse order (see Figure 1 in the main text). In Experiment 1, no carry-over 

effects could be observed. There was no significant difference between the two groups in any 

of the six action-effect delay conditions. Also, the pattern of delay effects was very similar in 

the both groups to that reported in the main text for the whole sample (Table S4, Figure S7). 

Although the 200-ms delay condition was not significant in group A, this can be attributed to 

reduced sample size, as even in this group, significance (with Holm correction) very closely 

approached the significance limit (p = 0.067) and effect sizes in the two groups were very 

similar. 
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Table S4. 
Pairwise comparison (Wilcoxon signed-rank tests, with Holm correction) of the six 
conditions in Experiment 1 performed separately for the two groups 
Action–
effect 
delay/ 
Condition 

0 ms 
 

200 ms 
 

400 ms 
 

800 ms 
 

1600ms 

 Group 
A 

Group 
B 

 
Group 

A 
Group 

B 

 
Group 

A 
Group 

B 

 
Group 

A 
Group 

B 

 
Group 

A 
Group 

B 

200 ms 
0** 

(1.0) 
2** 

(.962) 

 
- 

 
- 

 
- 

 
- 

400 ms 
0** 

(1.0) 
0** 

(1.0) 

 
20 

(.619) 
24 

(.543) 

 
- 

 
- 

 
- 

800 ms 
0** 

(1.0) 
0** 

(1.0) 

 
21 

(.600) 
28 

(.467) 

 
50 

(.048) 
44 

(.162) 

 
- 

 
- 

1600 ms 0** 
(1.0) 

0** 
(1.0) 

 
11 

(.790) 
3** 

(.943) 

 
34 

(.352) 
18 

(.657) 

 
44 

(.162) 
32 

(.390) 

 
- 

motor 
0** 

(1.0) 
0** 

(1.0) 

 
11 

(.790) 
9* 

(.829) 

 
28 

(.467) 
19 

(.638) 

 
24 

(.543) 
27 

(.486) 

 
47 

(.105) 
37 

(.295) 

*note: For the Wilcoxon signed-rank tests T-values are displayed (with the r rank biserial correlation 
coefficient in parentheses).  
Significance values:*p < .05, **p < .01, ***p < .001 

 

In Experiment 2, the results show that a carry-over effect from Experiment 3 

persisted, as force-optimization for all delays (except for the motor condition) was 

significantly more pronounced for the group adapted to 400-ms delays in Experiment 3 (0-

ms delay: U = 38, p = .009, r = .582; 50-ms delay: U = 50, p = .048, r = .451; 100-ms delay: 

U = 32, p = .003, r = .648; 200-ms delay: U = 49, p = .043, r = .462). Importantly, however, 

the delay effects observed in Experiment 2 were still observable separately in both groups 

(Table S4, Figure S8). 
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Table S5. 
Pairwise comparison (Wilcoxon signed-rank tests, with Holm correction) of the five 
conditions in Experiment 2 performed separately for the two groups 

Action–effect 
delay/Condition 0 ms 

 
50 ms 

 
100 ms 

 
200 ms 

 
Adapted 
to 0-ms 
delay 

Adapted 
to 400-

ms delay 

 Adapted 
to 0-ms 
delay 

Adapted 
to 400-

ms delay 

 Adapted 
to 0-ms 
delay 

Adapted 
to 400-

ms delay 

 Adapted 
to 0-ms 
delay 

Adapted 
to 400-

ms delay 

50 ms 15* 
(.714) 

14 
(.692) 

 
- 

 
- 

 
- 

100 ms 9* 
(.829) 

6* 
(.868) 

 
38 

(.276) 
23 

(.495) 

 
- 

 
- 

200 ms 0** 
(1.0) 

1** 
(.978) 

 
11* 

(.790) 
4** 

(.912) 

 
1** 

(.981) 
2** 

(.956) 

 
- 

motor 0** 
(1.0) 

0** 
(1.0) 

 0** 
(1.0) 

0** 
(1.0) 

 1** 
(.981) 

1** 
(.978) 

 5** 
(.905) 

3** 
(.934) 

*note: For the Wilcoxon signed-rank tests T-values are displayed (with the r rank biserial correlation 
coefficient in parentheses).  
Significance values:*p < .05, **p < .01, ***p < .001 
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