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Abstract 
The Process Dissociation Procedure (PDP) and Verbal Report Framework (VRF) have 

demonstrated that both explicit (Explicit Adaptation, EA) and implicit processes (Implicit 

Adaptation, IA) contribute to visuomotor adaptation. However, the definition of EA is inconsistent 

across the two paradigms, such that the PDP refers to EA as reflecting one’s knowledge regarding 

how they have to reach in the novel visuomotor environment, while the VRF refers to EA as 

reflecting pre-planned aiming strategies. The objective of the current experiment was to compare 

EA as assessed via the PDP and VRF and hence provide insight into if they are assessing similar 

explicit processes. Sixty-one participants were evenly divided into three groups (PDP, VRF and 

VRF-No Cursor) and trained to reach in a virtual environment with an aligned cursor (1 block of 

45 trials) and then a cursor rotated 40° clockwise (CW) relative to hand motion (3 blocks of 45 

trials). EA and IA were assessed immediately following each block of rotated reach training trials, 

and again 5-minutes later. In the assessment trials, the PDP group reached while using any learned 

strategy (EA+IA), or while not engaging in a strategy (IA) and the VRF group reported their 

planned aiming direction by picking a number from an array of numbers surrounding the target 

(EA), before reaching to the target (EA+IA) with visual feedback. The VRF-No Cursor group 

completed the same assessment trials as the VRF group, but no visual feedback was presented 

during assessment of EA and IA. Following this, participants completed a post-experiment 

questionnaire and a drawing task to assess their awareness of the visuomotor rotation and changes 

in their reaches respectively. We found that all groups adapted their reaches to the 40° CW cursor 

rotation. As well, averaged across participants, the magnitude and retention of EA and IA were 

similar between the PDP and VRF groups. However, the magnitude of EA established via the VRF 

was not related to participants’ post-experiment awareness of the visuomotor distortion and how 

they had changed their reaches, as observed in the PDP and VRF No-Cursor groups. Together, 
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these results indicate that, while the PDP and VRF suggest similar contributions of EA and IA to 

visuomotor adaptation, the methods of assessment engage different explicit processes. EA assessed 

within the VRF does not reflect one’s awareness of the visuomotor distortion at the end of the 

experiment or how they changed their reaches.
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Chapter I: Literature Review 
Goal Directed Reaching 
 

Simple reaching movements to a visual target (e.g., reaching for a coffee-mug or a pen), 

require complex sensorimotor transformations involving many levels of the central nervous system 

(CNS; Jeannerod, 1988). The CNS processes visual and proprioceptive information related to the 

limb’s position and orientation, as well as visual information related to the target’s position in 

order to plan and execute movements correctly. It has been hypothesized that the CNS creates an 

internal representation of the sensorimotor system, termed an internal model, in order to facilitate 

the transformation of incoming sensory information to appropriate motor commands (Francis & 

Wonham, 1976; Wolpert & Ghahramani, 2000; Wolpert, Ghahramani, & Jordan, 1995). The 

internal model consists of two distinct parts: the inverse model and the forward model (Wolpert et 

al., 1995). The inverse model consists of the motor plan required to produce the desired action 

based on current visual and proprioceptive sensory information regarding target and limb positions 

(Desmurget & Grafton, 2000). The forward model predicts the sensory consequences of the 

planned movement. Incoming sensory information is then compared to the predicted sensory 

consequences and, should sensory discrepancies arise, for example due to a change in visuomotor 

mapping, an error signal is generated. The motor plan (i.e., inverse model) and expected sensory 

consequences (i.e., forward model) are then updated accordingly in subsequent movements to 

minimize future errors (Wolpert et al., 1995).  

Visuomotor Adaptation 
 

 Novel visuomotor mappings are commonly experienced. For example, when using your 

friend’s computer, you may need to adapt your movements to a different mouse or trackpad setting. 

As well, movements will have to be adapted when putting on a pair of glasses with a new 
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prescription and/or reaching for an object under water, as the visual consequences of the movement 

have changed relative to a typical environment. When reaching in a novel visuomotor 

environment, one initially experiences errors (e.g., reaches may not land on the target). However, 

the motor system adapts to the novel visuomotor environment, and errors are reduced to baseline 

levels (i.e., errors are similar to when reaching in a typical visual environment; Baraduc & Wolpert, 

2002; Simani et al., 2007; Cressman & Heneiques, 2009). This visuomotor adaptation has been 

shown to arise quickly, within as little as 20 to 30 trials (Maksimovic & Cressman, 2018; Krakauer 

et al., 2000).  

Visuomotor adaptation has been defined as a type of motor learning, as improvements in 

performance are seen following practice in the altered environment (Krakauer, 2009; Bastian, 

2008; Martin, Keating, Goodkin, Bastian, & Thach, 1996). As well, continued improvements are 

observed across practice sessions, such that movements are adapted more quickly in subsequent 

practice sessions (Huang, Haith, Mazzoni, & Krakauer, 2011; Krakauer, Ghez, & Ghilardi, 2005; 

Morehead, Qasim, Crossley, & Ivry, 2015; Zarahn, Weston, Liang, Mazzoni, & Krakauer, 2008). 

Finally, there is evidence that these adapted movements are persistent, in that participants continue 

to reach with the adapted movement even when returning to reach in a normal, typical environment 

(Buch, Young & Contreras-Vidal, 2003; Krakauer et al., 2000; Kitazawa, Kimura & Uka, 1997). 

Specifically, participants show evidence of aftereffects, such that they continue to reach as they 

did in the altered visual environment after the visuomotor distortion is removed. This persistency 

in action has been taken as further evidence that visuomotor adaptation is a form of motor learning 

(Bastian, 2008).  

The phenomenon of visuomotor adaptation has been examined in laboratory settings by 

modifying participants’ visual environments through the use of laterally displacing prism goggles 
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(Harris, 1963; Welch, Bridgeman, Anand, & Browman, 1993; Redding & Wallace, 1978, 1993, 

1994, 1996, 2002, 2003, 2006) or having participants reach in a virtual reality environment while 

misrepresenting where their hand is in space via a cursor on the screen (Krakauer et al., 1999; 

Krakauer et al., 2000; Ghahramani, Wolpert, & Jordan, 1996; Cressman & Henriques, 2009). In 

general, participants complete three phases of testing: a pre-test or baseline phase, an adaptation 

or training phase, and a post-test. In the pre-test, participants reach in a typical environment (i.e., 

without the prism goggles, or when a cursor accurately represents where their hand is in space). 

During the adaptation phase, participants reach in the novel visuomotor environment, such that 

they put on the laterally displacing prism goggles or a cursor on the screen misrepresents where 

their hand is in space. In order for the visual representation of their hand to land on the target, 

participants must adapt their movements. For example, if the trajectory of the cursor on the screen 

is rotated 40° clockwise (CW) relative to hand motion, participants must aim 40° to the left of the 

target. In the post-test, conditions are typically similar to that in the pre-test, such that participants 

reach in the absence of the prism goggles or when the cursor’s position accurately represents where 

their hand is in space (Kitazawa et al., 1997; Buch et al., 2003; Wang & Lei, 2015), or when no 

visual feedback of their hand position is provided (Cressman & Henriques, 2009; Ghahramani, 

Wolpert & Jordan, 1996; Werner et al., 2015; Poh, Caroll, & Taylor, 2016).  

Across these 3 phases of testing, large reaching errors are typically seen at the start of the 

adaptation phase, and again during the post-test. Specifically, early on during the adaptation phase, 

participants reach directly to where they see the target. This creates an error, as in the case of our 

virtual reality environment, the visual cursor misrepresents where the hand is in space and hence 

does not go to the target like the hand does (e.g., the cursor’s trajectory is rotated 40° CW relative 

to the hand and hence target). Participants quickly adapt to these errors, such that they begin to 



Running Head: EXPLICIT AND IMPLICIT VISUOMOTOR ADAPTATION  

 

  4 

aim left of where they see the target. In the post-test, participants continue to reach to the left of 

the target, like they did at the end of the adaptation phase. Thus, if the cursor is present it will be 

seen to fall left of the target, as its trajectory is aligned with the participant’s actual reaching 

trajectory. If the cursor is not present, participants will continue to reach to the left of the target, 

not receiving visual feedback that their hand does not land on the target (Bond & Taylor, 2015; 

Cressman & Henriques, 2009; Ghahramani et al., 1996; Werner et al., 2015). The changes in 

reaches in the post-test compared to the pre-test are referred to as aftereffects and are taken as 

evidence that the internal model has been adapted. 

Processes underlying visuomotor adaptation 
 

Visuomotor adaptation has traditionally been modeled as a form of error-based learning 

(Martin et al., 1996). Specifically, participants experience a sensory prediction error, such that the 

visual representation of their hand does not land on the target as expected (Smith, Ghazizadeh & 

Shadmehr, 2006; Taylor, Wojaczynski & Ivry, 2011; Taylor et al., 2014; McDougle et al., 2015), 

and update their internal model accordingly. This error-based learning is proposed to arise 

implicitly (i.e., unconsciously), giving rise to the aftereffects observed in the post-test even when 

participants are instructed to aim directly to the target and/or the visuomotor distortion is turned 

off (Bond & Taylor, 2015).  

In addition to implicit processes, explicit processes have been suggested to underlie 

visuomotor adaptation. In fact, early work by Redding and Wallace (1978) proposed a role for 

explicit and implicit processes in visuomotor adaptation to laterally displacing prism goggles. 

Throughout a volume of work, they suggest that the changes in reaches observed initially, when 

the prisms are first put on, are driven by explicit processes, whereas implicit processes contribute 

to visuomotor adaptation later in reach training (Redding & Wallace, 1996, 2001, 2002, 2006). 
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For example, movements are first altered explicitly during the adaptation phase while wearing 

laterally displacing prism goggles due to conscious strategic processes that coordinate perception 

and action (i.e., strategic perceptual-motor control), to reduce movement errors in order to reach 

the target accurately. After these initial, explicit corrections, participants continue to adapt their 

movements by engaging unconscious, implicit processes, which give rise to the realignment of 

visual and proprioceptive maps (i.e., adaptive spatial re-alignment). 

Distortion of the visual environment through prism goggles differs from visuomotor 

distortions presented via a cursor on the screen in a virtual reality environment. In particular, 

prisms shift all visual input (e.g., hand and target locations), whereas only visual feedback of the 

hand position is shifted in virtual reality environments (Henriques & Cressman, 2012). As well, 

participants are aware that they are putting on or taking off the prism goggles, creating awareness 

that a change in task is being introduced. Similar contextual cues, as provided in the prism 

adaptation studies, are not always present when reaching in a virtual reality environment. 

Nevertheless, findings suggest that reaches in a virtual reality environment are also adapted in 

response to a visuomotor distortion due to multiple learning processes, and that these processes 

are engaged in a similar timeframe as the strategic perceptual-motor control and adaptive spatial 

re-alignment processes outlined by Redding and Wallace (1996, 2001, 2002, 2006).  

Smith and colleagues (2006) reported that fast and slow processes are responsible for 

adaptation of movement dynamics when reaching in a velocity-dependent force field. According 

to Smith and colleagues, the fast and slow processes operate in parallel, but with different 

timescales. The fast process is proposed to contribute to reach adaptation quickly by reducing 

initial direction errors. In contrast, the slow process allows participants to gradually reduce their 

movement errors over trials. Smith and colleagues’ model has been shown to accurately predict 
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reach adaptation patterns observed in visuomotor adaptation paradigms and the fast and slow 

processes have been suggested to map onto explicit and implicit processes, respectively 

(McDougle et al., 2015). This raises the question: “What explicit processes are engaged during 

visuomotor adaptation when visual feedback of the hand position is distorted within a virtual 

reality environment?”  

Explicit processes in visuomotor adaptation across methods of assessment 
 

 Early attempts to examine explicit and implicit contributions to visuomotor adaptation used 

post-experiment questionnaires to divide  participants into aware versus unaware groups (Benson, 

Anguera & Seidler 2011; Hwang, Smith, & Shadmehr, 2006; Heuer & Hegele, 2008). Typically, 

after the completion of the experiment, participants were asked whether they noticed the task get 

harder or change at any point during the experiment. As well, participants were asked to describe 

the nature of the change and how they reached to counteract this change in order to complete the 

required task successfully. Thus, according to research involving post-experiment questionnaires, 

explicit processes encompass awareness of the visuomotor distortion and knowledge regarding 

how to reach in order to counteract the distortion that participants can verbally report.  

Drawing tasks have also been used to assess the role of explicit processes in visuomotor 

adaptation and to probe one’s awareness of a visuomotor distortion (Larssen, Ong, & Hodges, 

2012; Ong, Larssen, & Hodges, 2012). Like the post-experiment questionnaires, drawing tasks are 

typically completed at the end of the experiment. Participants are removed from the original 

experimental room/setting and are allowed to see their limbs. Participants are then asked to use a 

pen (and perhaps a ruler) to draw the trajectory their hand took when they were training with the 

visuomotor distortion. Similar to the questionnaire data discussed above, the drawn hand trajectory 
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error is interpreted as explicit adaptation, which reflects one’s awareness of the visuomotor 

distortion and how one had to change their movements.  

The definition of explicit processes is similar across these two post-experiment methods of 

assessment, even though one requires a verbal (perceptual) report, and the other a motor response. 

Moreover, the two tasks only assess explicit processes, not implicit. Based on post-experiment 

reports, participants are typically classified as aware (e.g., reported or demonstrated that they used 

a strategy to counteract the rotated visual feedback by reaching to the right of the target), or 

unaware (e.g., reported or demonstrated that they did not use a strategy to overcome the rotated 

visual feedback and reached to the target) of the visuomotor distortion. Performance is then 

compared between the aware and unaware groups of participants to establish the role of explicit 

and implicit processes in visuomotor adaptation, respectively. For example, using the post-

experiment questionnaire, Benson et al. (2011) categorized participants into aware and unaware 

groups of participants. Results indicated that the aware group reached more accurately to the target 

at the beginning of the reach training trials with a visuomotor distortion, such that their errors were 

closer to baseline levels compared to the unaware group. The aware group also took longer to 

initiate their movements (i.e., had a longer reaction time).  

While the post-experiment questionnaire and drawing task are able to assess participants’ 

awareness of the visuomotor distortion and changes in their reaches at the end of the experiment, 

they are limited with respect to their ability to establish, and hence define, the role of explicit 

processes in visuomotor adaptation. Explicit and implicit processes have been shown to be 

independent, simultaneously contributing to visuomotor adaptation (Neville & Cressman, 2018; 

Taylor & Ivry, 2014; Werner et al., 2015). In addition, both explicit and implicit adaptation have 

been shown to be present in participants classified as aware or unaware of the visuomotor 
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distortion at the end of the experiment (Neville & Cressman, 2018; Taylor et al., 2014; Werner et 

al., 2015). Therefore, a binary task does not capture the contribution of explicit and implicit 

processes to visuomotor adaptation, nor does awareness of the visuomotor distortion at the end of 

the experiment necessarily encompass all explicit processes engaged during visuomotor 

adaptation. 

Two methods have recently been put forward to establish the role of explicit and implicit 

processes to visuomotor adaptation; (1) the process dissociation procedure (PDP) and (2) the 

verbal report framework (VRF). As outlined below, the methods have subtle differences with 

respect to their definition of explicit processes and manner of assessment. The PDP was first 

introduced to the field of cognitive psychology by Jacoby (1991) as a methodological tool to 

measure the contributions of automatic and intentional memory to recognition. Since its 

introduction, the PDP method has become an accepted method in the cognitive domain for its 

ability to assess explicit and implicit processes (Destrebecqz & Cleeremans, 2001; Bergerbest & 

Goshen-Gottstein, 2001; Destrebecqz et al., 2003; Norman, Price & Duff, 2006). This method was 

recently modified by Werner and colleagues (2015) to examine the contributions of explicit and 

implicit processes to visuomotor adaptation, where explicit processes are defined as knowledge 

(i.e., awareness) of how to reach in the novel visuomotor environment, as assessed within a motor 

task. Using the PDP, Werner and colleagues instructed participants to reach under exclusion (1) 

reach and “do not use any strategy you learned throughout training” (implicit adaptation) and 

inclusion (2) reach and “use the strategies you have learned throughout training” (explicit + 

implicit adaptation) instructions. Explicit adaptation is defined as the difference in reaching errors 

between inclusion and exclusion trials, whereas implicit adaptation reflects reaching errors on 

exclusion trials relative to the target (Modchalingam, Vachon, Hart & Henriques, 2019; Neville & 
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Cressman, 2018; Werner, Strüder & Donchin, 2019; Werner et al., 2015). Neville and Cressman 

have also used the PDP to examine the contributions of explicit and implicit processes to 

visuomotor adaptation over time. Together, Werner et al. (2015) and Neville and Cressman (2018) 

have shown that, in general, explicit adaptation is greater in participants that are given a strategy 

on how to counteract the visuomotor rotation, while implicit adaptation is greater in participants 

who are not given a strategy on how to counteract the visuomotor distortion. As well, implicit 

adaptation takes time to develop and decays following a 5-minute break. Finally, the sum of 

explicit and implicit adaptation has been shown to account for a varying percentage of reach 

adaptation observed during the reach training trials across experiments (e.g., 55% of visuomotor 

adaptation in Werner et al. (2015) versus 97% of visuomotor adaptation in Neville and Cressman 

(2018)).  

The verbal reporting method was introduced by Taylor and colleagues in 2014 to assess 

explicit and implicit contributions to visuomotor adaptation over time, where explicit adaptation 

is defined as pre-planned aiming strategies that participants are able to consciously report (i.e., 

verbalize). In this method, participants are required to verbally report where they plan to aim before 

they reach to a target. Specifically, during reach training trials with the cursor, participants are 

shown a visual display in which the target is surrounded by a number array (i.e., total of 63 

numbers separated by 5.625°; the target is set at 0 and numbers span from 1 to 31 in the clockwise 

direction from the target and from -1 to -31 in the counter-clockwise direction from the target). 

Before each reach, participants report the number that they plan to reach to in order to get the 

cursor to the target. Explicit adaptation is the difference between target location and the reported 

number location, while implicit adaptation is the difference between the reported number location 

and actual location the hand reached. In accordance with results using the PDP, Taylor and 



Running Head: EXPLICIT AND IMPLICIT VISUOMOTOR ADAPTATION  

 

  10 

colleagues have shown that explicit processes initially contribute to visuomotor adaptation, with 

minimal contribution from implicit processes (Taylor et al., 2014; McDougle, Bond, Taylor, 

2015). However, over reach training trials, implicit adaptation increases, until reaching a 

maximum value of approximately 11°, regardless of the size of the visuomotor distortion (Bond 

& Taylor, 2015). The magnitude of explicit adaptation has been shown to be flexible, increasing 

with greater visuomotor rotations (Bond & Taylor, 2015), and transferring between limbs (Poh et 

al., 2016). By design, explicit and implicit contributions sum to the extent of reach adaptation 

observed when reaching with the cursor. 

Rationale and Current Research Objectives 

The definition of explicit adaptation (EA) varies between the PDP and VRF methods of 

assessment, while the definition of implicit adaptation (IA) is consistent across paradigms (i.e., 

changes in reaches that arise due to unconscious and non-intentional changes to the internal model 

as a result of experiencing a sensory prediction error; Wolpert & Kawato, 1998). The PDP method 

refers to EA as reflecting knowledge of how to reach in the novel visuomotor environment, as 

established via a motor task, while the VRF method refers to EA as reflecting consciously 

accessible, pre-planned aiming strategies. In the current project we looked to compare EA (and 

IA) as established via the PDP and VRF methods of assessment to provide insight into if they are 

assessing similar explicit processes. 

Previous research using the PDP (e.g., Werner et al., 2015; 2019; Neville & Cressman, 

2018; Modchalingam et al., 2019) and VRF (e.g., Taylor, Ivry & Krakauer, 2014; McDougle, 

Bond, & Taylor, 2015; Poh, Carroll, & Taylor, 2016; Taylor & Ivry, 2011) have found similar 

trends with respect to the magnitude and time at which explicit and implicit processes contribute 

to visuomotor adaptation. For example, within both paradigms, EA has been shown to be 
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responsible for reducing errors at the beginning of reach adaptation, while IA contributions 

increase over time (Taylor, Krakauer, & Ivry, 2014; Werner et al., 2015). As well, explicit 

contributions increase with larger visuomotor distortions, whereas implicit contributions are 

consistent in magnitude regardless of rotation size across both methods of assessment (Bond & 

Taylor, 2015; Neville & Cressman, 2018; Werner et al., 2015). That said, there are also marked 

differences in results when comparing findings from the two paradigms. Specifically, the overall 

extent to which EA and IA contribute to visuomotor adaptation appears to differ between 

paradigms (ranging from 55% – 97% of reach adaptation observed using the PDP to 100% using 

the VRF). As well, explicit adaptation has been shown to play a greater role in intermanual transfer 

when assessed via the PDP compared to the VRF (Bouchard & Cressman, 2017; Poh et al., 2016). 

Finally, retention of EA and IA have not been established within the VRF. 

To date, explicit and implicit processes as established via the PDP and VRF can only be 

compared across experiments that differ with respect to visuomotor distortion size, number of 

reach training trials, time of assessment, etc. Thus, it is difficult to make conclusions on whether 

similar trends in EA and IA exist between paradigms, and hence similar processes are being 

examined. In order to determine if similar explicit processes are assessed within the PDP and VRF, 

we looked to compare EA (and IA) as established via the PDP and VRF methods of assessment 

within the same experiment.  

Within the current experiment, EA and IA were assessed in 3 groups. For all groups, EA 

and IA were assessed immediately after completing a block of 45 rotated reach training trials, and 

again after a 5-minute break. Participants completed a total of 3 bocks of 45 rotated reach training 

trials, and hence EA and IA were assessed 6 times. In the first group, EA and IA were assessed 

using the PDP of Werner et al. (2015), such that participants reached in the absence of visual 
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feedback when instructed to use any strategy they had learned (inclusion trials) and not use any 

strategy (exclusion trials). The second group completed trials in accordance with the established 

VRF method of assessment of Taylor and colleagues (2014), such that they first verbally reported 

where they planned to reach and then reached with the cursor present. We also included a third 

group of participants, the VRF No-Cursor group, who completed the VRF assessment trials while 

the cursor was not available. The inclusion of the third group allowed us to determine the role of 

visual feedback in the VRF paradigm, and if it may drive differences between EA and IA as 

established using the PDP versus VRF. At the end of the experiment, all participants completed 

the post-experiment questionnaire (PEQ) of Benson et al. (2011) and a drawing task (DT; adapted 

from Larssen et al., 2012), to assess their awareness of the visuomotor distortion and how they had 

to reach to counteract the visuomotor distortion at the end of the experiment.  

We hypothesized that all participants would adapt their movements to the 40° CW 

visuomotor rotation, such that reaching errors at peak velocity would shift in order to counter the 

rotation so that the hand landed on the target (Ghahramani et al., 1996; Kagerer et al., 1997; 

Krakauer et al., 2000; 1999). We further expected that similar trends in EA and IA with respect to 

magnitude and retention would be observed between the PDP and VRF groups, indicating that the 

two methods assess similar explicit and implicit contributions, and hence, potentially similar 

explicit processes. Alternatively, if EA and/or IA differ based on manner of assessment, it would 

suggest that the two methods differ in the processes they are assessing. Finally, by examining EA 

in light of post-experiment responses, we can determine if EA as established via the PDP or VRF 

is available for conscious recall at the end of the experiment. In other words, does knowledge 

regarding how one has to reach as assessed by a motor task and one’s consciously accessible pre-
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planned aiming strategy, reflect one’s awareness of the visuomotor distortion and changes in their 

reaches at the end of the experiment? 
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Introduction 
 

When reaching in a novel visuomotor environment, one initially experiences reaching 

errors, such that the cursor does not go directly to the target (e.g., it lands to the right of the target). 

However, within a few trials, the motor system adapts to the visuomotor distortion, such that 

participants begin to aim to the left of the target, and the cursor once again lands on the target (i.e., 

errors are similar to those observed when reaching in a typical visual environment, in which the 

cursor is aligned with the hand; Cressman & Henriques, 2009; Huang, Haith, Mazzoni, & 

Krakauer, 2011; Krakauer et al., 2004; Krakauer, Ghilardi, & Ghez, 1999; Neville & Cressman, 

2018; Krakauer, Pine, Ghilardi, & Ghez, 2000; Mazzoni & Krakauer, 2006; Zarahan, Weston, 

Liang, Mazzoni, Krakauer, 2008). Following these reach training trials, if the cursor is now 

removed and participants are instructed to aim to the target, they continue to reach to the left of 

the target. These aftereffects are proposed to arise implicitly and reflect changes to the internal 

model (Baraduc & Wolpert, 2002; Buch, Young, & Contreras-Vidal, 2003; Ghahramani et al., 

1996; Wolpert & Kawato, 1998). 

Recently, it has been shown that explicit processes can also contribute to visuomotor 

adaptation (Benson, Anguera, & Seidler, 2011; Bond & Taylor, 2015; McDougle, Bond, & Taylor, 

2015; Neville & Cressman, 2018; Taylor, Krakauer, & Ivry, 2014; Werner, Strüder, & Donchin, 

2019; Werner et al., 2015). Specifically, two methods have been used to demonstrate that 

visuomotor adaptation can be driven by a combination of explicit and implicit processes at the 

same time: the Process Dissociation Procedure (PDP; Neville & Cressman, 2018; Werner et al., 

2015) and the Verbal Report Framework (VRF; Taylor et al., 2014). Within the PDP, participants 

complete a series of reach training trials with the visuomotor distortion. Following these reach 

training trials, they are then asked to reach when they (1) “do not use any strategy you learned” 
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(i.e., exclusion trials) or (2) “use the strategies you have learned” (i.e., inclusion trials). Explicit 

adaptation is determined as the difference in reaching errors between exclusion and inclusion trials, 

while implicit adaptation is evaluated based on performance in the exclusion trials (Werner et al., 

2015). In the VRF method, explicit and implicit adaptation are typically assessed during the reach 

training trials when a target is presented, with an array of numbers surrounding it. Participants first 

verbally report the number (i.e., location) they intend to aim to in order to get the cursor to the 

target and then reach with the goal of getting the cursor to the target (Taylor et al., 2014). Explicit 

adaptation is determined by reported aiming direction, whereas implicit adaption is taken as the 

difference between reaching errors and reported aiming direction.  

At present, it is unclear if these two methods are measuring the same processes, specifically 

with respect to explicit contributions to visuomotor adaptation. While the definition of implicit 

processes is fairly consistent across the literature, regardless of method of assessment (i.e., 

unconscious changes in one’s movements that arise in the absence of awareness or intention, that 

result in updating of an internal model), the definition of explicit processes changes based on 

method of assessment. The PDP refers to explicit processes as reflecting knowledge (i.e., 

awareness) of how one has to move in order to counteract the visuomotor distortion, where this 

knowledge can be turned on or off (Werner et al., 2019, 2015). In contrast, the VRF method refers 

to explicit processes as reflecting cognitive aiming strategies that are engaged in order to get the 

cursor to the target, without referring to awareness of the visuomotor distortion (Bond & Taylor, 

2015; McDougle et al., 2015; Taylor et al., 2014). In addition to differences in the definition of 

explicit processes being assessed, the two methods utilize different tasks to establish explicit and 

implicit contributions to visuomotor adaptation. The PDP method indirectly assesses explicit 

processes, as explicit adaptation is inferred based on subtracting reaching errors. In contrast, 
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explicit processes are more directly assessed in the VRF, as participants verbally indicate their 

aiming strategy.   

While patterns with respect to the magnitude and timing of explicit contributions to 

visuomotor adaptation are similar when comparing results achieved across research employing the 

PDP and VRF (e.g., see McDougle et al., 2015; Poh, Carroll, & Taylor, 2016; Taylor et al., 2014; 

Werner et al., 2015), inconsistencies can also be found. Specifically, the overall extent to which 

explicit and implicit processes contribute to visuomotor adaptation differs between paradigms 

(e.g.,  ranging from 55 to 97% of visuomotor adaptation in the PDP (Werner et al., 2015; Bouchard 

& Cressman, 2017; Neville & Cressman, 2018; Modchalingam et al., 2019) to 100% in the VRF). 

As well, explicit adaptation has been shown to play a greater role in intermanual transfer when 

assessed via the PDP compared to the VRF (Bouchard & Cressman, 2017; Poh et al., 2016). 

Finally, the retention of explicit and implicit processes has not been established within the VRF. 

Thus, it is unclear if the PDP and VRF are assessing the same (explicit) processes underlying 

visuomotor adaptation. 

The goal of this study was to determine the relationship between explicit processes as 

assessed via the PDP and VRF. To do this, we compared the extent of explicit and implicit 

adaptation over time when assessed via the PDP and VRF. All participants adapted to a visuomotor 

distortion during 3 consecutive blocks of 45 reach training trials, in which the cursor was rotated 

40° clockwise relative to hand motion. Explicit and implicit processes were immediately assessed 

after each block of reach training trials, and again after a 5-minute delay. A third group of 

participants (VRF No-Cursor group), was also included in this experiment. The VRF No-Cursor 

group received similar instructions as the VRF group but did not receive visual feedback regarding 

their reaching movements during the assessment trials, enabling us to examine the role of visual 
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feedback during VRF assessment. Finally, we used Benson and colleagues’ (2011) post-

experiment questionnaire and a drawing task (see Larssen, Ong, & Hodges, 2012; Ong & Hodges, 

2010) in order to probe participants’ awareness of changes in their reaches at the end of the 

experiment. We hypothesized that all participants would adapt their reaches to the 40° CW 

visuomotor rotation during reach training trials, such that the cursor would land on the target. 

Similar extents of explicit and implicit adaptation over time would indicate that the PDP and VRF 

assess similar processes underlying visuomotor adaptation. Alternatively, if explicit and/or 

implicit adaptation differ based on manner of assessment, it would suggest that the two methods 

differ in the processes they are assessing (e.g., awareness regarding how one has to reach as 

assessed by a motor task does not correspond to one’s preplanned consciously accessible aiming 

strategy).  

Methods 
Participants 
 

61 naïve participants, aged 19-40 (M = 24 years, SD = 0.03) were recruited from the 

University of Ottawa community and randomly divided into 3 groups; (1) PDP (N = 21), (2) VRF 

(N = 20), (3) VRF No-Cursor (N = 20) groups. All participants had normal or corrected to normal 

vision, were right handed according to the Edinburgh handedness questionnaire (M = 81, SD = 

3.2; Oldfield, 1971) and self-reported no history of motor, sensory or cognitive impairment. This 

project was approved by the University of Ottawa Research Ethics Board, and participants 

provided informed consent prior to testing.  

Apparatus 
 

Participants reached to visual targets using the BKIN KINARM End-Point Lab (BKIN 

Technologies, Kingston, ON). As shown in Figure 1, visual targets were projected from a 
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downward facing monitor, located 20.5 cm above a reflective surface that was located 20.5 cm 

above the robot handle. Thus, visual stimuli appeared to lie in the same horizontal plane as the 

right reaching hand holding on to the robot handle. Participants’ view of their limbs was occluded 

by the reflective surface and a black cloth that was attached to the experimental apparatus and 

secured around participants’ necks. Once participants were comfortably seated, the lights in the 

room were turned off, and testing began.  

Experiment overview 
 

 In general, participants reached from a home location positioned 20 cm in front of their 

midline (white circle, 2 cm in diameter; Figure 1) to one of three visual targets located 15 cm from 

the home position, at positions straight ahead (0° target) and 45° to the left and right of center 

(yellow circles, 1 cm in diameter; Figure 1B). Visual feedback regarding participants’ hand 

location was presented on some trials in the form of an on-screen cursor (magenta circle; 1 cm in 

diameter). Participants began by completing 9 practice trials to become comfortable with the 

testing apparatus. They then completed 4 testing blocks within a single testing session (Figure 2). 

Within each testing block, there was 1 set of 45 reach training trials, followed by 2 sets of 12 trials 

to assess explicit and implicit visuomotor adaptation. The 2 sets of 12 trials were separated by 5 

minutes, to establish the persistence of explicit and implicit adaptation.  

Once all reaching trials were completed, participants exited the testing room. They then 

completed a questionnaire designed to assess their ability to verbally report their awareness of the 

visuomotor distortion (questionnaire from Benson et al., 2011). Finally, participants completed a 

drawing task that was similar in nature to the one used by Larssen and colleagues (2012).  In the 

drawing task, the home position and three targets were drawn to scale on a sheet of paper. 

Participants were asked to draw the trajectory their hand took to get the cursor to the target during 
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the Rotated blocks described below. Their hand was visible during these trials. The entire testing 

session lasted approximately one hour and thirty minutes. 

Trial types  

Reach Training Trials 
 

 Similar instructions were provided to all participants during the reach training trials, 

regardless of group (Figure 2).  

Aligned Cursor Reach Training Trials 
 

The Aligned cursor Reach Training trials began with the robot moving a participant’s hand 

into the home circle (Figure 1C). Following 500 ms, one of the three yellow targets appeared. 

Participants were instructed to wait until the yellow target turned blue (i.e., variable delay of 500-

1200 ms) and then reach to the target as quickly as possible, with the goal of landing the cursor on 

the target. Visual feedback regarding hand position was displayed in the form of a cursor on the 

screen and appeared once the hand moved out from the home position. A movement was defined 

as complete once velocity dropped below 0.01m/s and the hand was held at its final position for 

500 ms. At this time, the cursor and the target disappeared. Following another pause of 500 ms, 

the robot passively moved the hand back to the home position in a movement time (MT) of 1000 

ms. The robot handle followed a linear grooved path directly back to the home position and no 

visual feedback was provided. If participants attempted to move outside of the linear path, a 

resistance force (proportional to the depth of penetration with a stiffness of 2 N/mm and a viscous 

dampening of 5 N/mm) perpendicular to the grooved path was produced. The position of the 

KINARM robot was recorded at a sampling rate of 1000 Hz, with a spatial accuracy of 0.1 mm.  

Rotated Cursor Reach Training Trials 
 

The timing of events during the Rotated cursor Reach Training trials was the same as the 

Aligned cursor Reach Training trials, in that participants were instructed to reach to the target as 
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quickly as possible once it turned from yellow to blue. On these trials, however, the position of the 

cursor was misaligned from a participant’s actual hand location, such that its motion was rotated 

40° clockwise (CW) relative to a participant’s hand trajectory (Figure 1D). Note that participants 

were not made aware of the rotation, in that they were not told of the visuomotor distortion, nor 

instructed on how to counteract it.  

Trials to assess Explicit and Implicit contributions to Visuomotor Adaptation 

PDP Group: No Cursor Reach Trials 
 

In the PDP no-cursor reach trials, participants reached to the target in the absence of visual 

feedback (i.e., no cursor was displayed). Similar to the reaches described above, participants 

waited until the target changed from yellow to blue and then reached to the target as quickly and 

accurately as possible. During the no-cursor reaches, participants reached under either exclusion 

or inclusion instructions. Specifically, each set of 12 PDP trials was split into 6 exclusion and 6 

inclusion trials. The order in which exclusion and inclusion trials was completed was 

counterbalanced across participants.  

In exclusion trials, participants were instructed as followed: “You are now going to reach 

when you cannot see your hand, as there will be no cursor on the screen. For these trials, do not 

use anything you may have learned to get the cursor to the target. Instead, aim so that your hand 

goes straight to the target as you did during baseline reaches”. In inclusion trials, participants were 

instructed as follows: “You are now going to reach when you cannot see your hand, as there will 

be no cursor on the screen. For these trials, use anything you have learned or any strategies that 

you have developed during training in order to get the cursor to the target. In other words, aim so 

that the cursor would have gone straight to the target, as in the training trials you just completed” 

(Figure 1E). Note that following the aligned cursor reach training trials, participants completed all 

PDP trials with the exclusion trial instructions, such that they were to reach to the target.  
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VRF No-Cursor and VRF groups: VRF Trials 
 

In the VRF trials, the visual display changed (Figure 1F). A trial started with the hand 

positioned in the home position. One of the three yellow targets was then displayed, and a number 

array was also presented surrounding the target. Specifically, 46 numbers were presented on a 

semicircle at the same distance as the target from the home position. The numbers ranged from -

23 to + 23 (the target being at 0), and spanned 138° in total, such that the numbers were separated 

by 3°. Participants were told that “The visual display will now change. You may have noticed that 

there are little numbers flanking the target. I would like you to tell me, before reaching, the number 

that you think you should aim to in order to get your cursor on the target. So, if you think that you 

should aim directly at the target, then please say “0”. But if you think that you should aim 

somewhere else, please tell me what that number is.” The experimenter recorded the participant’s 

entry. After the verbal response was entered, the target changed from yellow to blue immediately 

and participants reached as in the reach training trials. The numbered array stayed on for the 

duration of the trial. In the VRF group, cursor feedback was presented, such that the cursor was 

either aligned or rotated relative to the hand motion, depending on the reach training block just 

completed. In the VRF No-Cursor group, the cursor was not presented during these trials.   

Data Analysis 
 

Results from the post-experiment questionnaire (PEQ), the drawing task (DT) and the 

assessment trials revealed that the majority of participants (45 out of 61) were aware of the 

visuomotor distortion and demonstrated explicit adaptation. The remaining 16 participants (PDP: 

6 participants; VRF: 4 participants; VRF No-Cursor: 7 participants) were classified as unaware of 

the visuomotor distortion based on the PEQ and/or they failed to show explicit reach adaptation in 

the assessment trials. Given our question of interest, these participants were excluded from the 
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analyses below. Secondary analyses including all 61 participants revealed similar findings to the 

results reported.  

Reaching performance on all trials were analyzed using custom written programs in 

MATLAB. The start and endpoint of each reaching movement were defined using a velocity 

criterion. The point in time at which velocity first increased above or decreased below 0.01m/s for 

50 ms was defined as movement onset and movement termination, respectively. For each of the 

reaching profiles, we determined reaction time (i.e., RT: from the time the target changed to blue 

to movement onset), movement time (i.e., MT: interval of time between movement onset and 

movement termination), and the angular error at peak velocity (i.e., PVAE: the angular difference 

between a movement vector from the home position to peak velocity and a reference vector joining 

the home position to the target). 

We first looked to establish if participants adapted to the 40° CW cursor rotation during 

the reach training trials. PVAE were averaged over the first (time 1) and last 6 (time 2) reach 

training trials within each of the 4 reach training blocks (i.e., 1 block with an aligned cursor and 3 

blocks with a rotated cursor). From these average errors, initial and later performance errors when 

reaching with an aligned cursor (block 1) and rotated cursor (blocks 2, 3 and 4) were compared 

using a 3 group (PDP, VRF, VRF No-Cursor) x 4 block (block 1 aligned, block 2 rotated, block 3 

rotated, block 4 rotated) x 2 time (mean of 1st bin of 6 trials vs. last bin of 6 trials) mixed analysis 

of variance (ANOVA), with repeated measures (RM) on the last two factors. RT and MT were 

analyzed in a similar manner.  

Following this, explicit and implicit contributions to visuomotor adaptation were 

determined from the PDP and VRF assessment trials. For the PDP trials, mean PVAE for each set 

of 6 exclusion or inclusion trials were determined. Explicit and Implicit Indexes were then 



Running Head: EXPLICIT AND IMPLICIT VISUOMOTOR ADAPTATION  

 

  23 

determined according to the following formulas for each of the 8 times that PDP trials were 

performed (i.e., immediately and 5 minutes after each block of reach training trials):  

PDP trials: 

𝐸𝑥𝑝𝑙𝑖𝑐𝑖𝑡 𝐼𝑛𝑑𝑒𝑥 = 𝑀PVAE on Inclusion trials – 𝑀PVAE on Exclusion trials 

𝐼𝑚𝑝𝑙𝑖𝑐𝑖𝑡 𝐼𝑛𝑑𝑒𝑥 =  𝑀PVAE on Exclusion trials 

For the VRF trials, an explicit and an implicit index were calculated for each trial according to the 

following formulas: 

VRF trials: 

𝐸𝑥𝑝𝑙𝑖𝑐𝑖𝑡 𝐼𝑛𝑑𝑒𝑥 = 𝑉𝑒𝑟𝑏𝑎𝑙 𝑅𝑒𝑝𝑜𝑟𝑡 ×  3°  

𝐼𝑚𝑝𝑙𝑖𝑐𝑖𝑡 𝐼𝑛𝑑𝑒𝑥 = 𝑃𝑉 𝐴𝐸 − 𝐸𝑥𝑝𝑙𝑖𝑐𝑖𝑡 𝑖𝑛𝑑𝑒𝑥 

Explicit and Implicit indexes were then averaged across the 12 trials within each block of VRF 

assessment trials, resulting in 8 Explicit and Implicit indexes.  

Initial analysis established that Explicit and Implicit Indexes for all groups differed 

following training with the rotated cursor compared to the aligned cursor. Thus, explicit adaptation 

(EA) and implicit adaptation (IA) following the rotated training blocks were calculated by 

subtracting a participant’s Explicit index or Implicit index from the corresponding aligned block. 

To determine if the EA or IA differed across methods of assessment,  we performed separate 3 

group (PDP, VRF, VRF No-Cursor) x 3 block (block 2 rotated, block 3 rotated, block 4 rotated) x 

2 time (immediately following reach training trials vs. following a 5 minute delay) mixed ANOVA 

with RM on the last two factors. RT and MT were compared across the VRF and VRF No-Cursor 

groups using a 2 group (VRF No-Cursor, VRF) x 4 block (block 1 aligned, block 2 rotated, block 

3 rotated, block 4 rotated) x 2 time (immediately following reach training trials vs. following a 5-

minute delay) mixed ANOVA with RM on the last two factors. The PDP group was not included 
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in these analyses given that they were not required to report a number prior to reaching. Instead, 

to determine if there were differences in RT and MT between exclusion and inclusion trials, a 2 

trial type (exclusion vs. inclusion) x 4 block (block 1 aligned, block 2 rotated, block 3 rotated, 

block 4 rotated) x 2 time (immediately following reach training trials vs. following a 5-minute 

delay) ANOVA with repeated measures on all 3 factors was performed. 

After analyzing EA and IA, the percentage of reach adaptation that could be attributed to 

EA and IA was calculated for each group. First, the sum of EA and IA for each participant, in each 

of the blocks at time 1 (immediately after rotated reach training) and time 2 (after the 5-minute 

delay) were determined. These values were then divided by the extent of reach adaptation observed 

in the reach training trials (i.e., PVAE of the last 6 reach training trials within a given rotated block 

– PVAE of the last 6 reach training trials within the aligned block), such that the extent of reach 

adaptation accounted for by EA and IA was defined as:  

% =
(𝐸𝐴 + 𝐼𝐴) 

𝑅𝑜𝑡𝑎𝑡𝑒𝑑 𝑡𝑟𝑎𝑖𝑛𝑖𝑛𝑔 𝑏𝑙𝑜𝑐𝑘 (𝐵𝑖𝑛 2) − 𝐴𝑙𝑖𝑔𝑛𝑒𝑑 𝑡𝑟𝑎𝑖𝑛𝑖𝑛𝑔 𝑏𝑙𝑜𝑐𝑘 (𝐵𝑖𝑛 2)
× 100 

To determine if the percentage of reach adaptation attributed to EA and IA differed across 

groups, we performed a 3 group (PDP, VRF, VRF No-Cursor) x 3 block (block 2 rotated, block 3 

rotated, block 4 rotated) x 2 time (immediately following reach training trials vs. a 5-minute delay) 

mixed ANOVA with RM on the last two factors. 

As well, for each group, we completed Pearson’s correlation tests to determine the strength 

and direction of the relationship between our assessments of awareness (PEQ or DT) at the end of 

the experiment and EA in block 4 rotated, time 1.  

The significance value for all statistical tests was set at p < .05, and Bonferonni post-hoc 

tests corrected for multiple comparisons were used to find the locus of significant effects for all 

pre-planned comparisons. In addition, coefficients of determination (R2), and slopes for linear 
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regressions are reported to describe the relationship between the variables of interest where 

applicable. When appropriate, Greenhouse-Geisser correction was applied and reported. 

Results 
Awareness as assessed via the Post-Experiment Questionnaire (PEQ) and Drawing Task (DT) 
 

Overall, PEQ responses (M = 30.2°, SD =10.9°) and trajectory deviations in the DT (M = 

22.8°; SD = 10.9°) revealed that participants who were included in the analyses were aware of the 

visuomotor distortion and changes in how they had to reach by the end of the testing session. One-

way ANOVA revealed that responses on the PEQ and DT did not differ between groups (PEQ: 

F(2, 42) = .275, p = 0.761; PDP: M = 31.5°, SD = 10.9°; VRF: M =30.4°, SD = 11.0°;  VRF No-

Cursor: M = 28.3°, SD = 11.5°; DT: F(2, 42) = .486, p = 0.619; PDP: M = 20.9°, SD = 16.7°; 

VRF: M = 24.8°, SD = 4.97°; VRF No-Cursor: M = 22.5°, SD = 7.16°). Paired samples t-test 

between the PEQ and DT for each group revealed a significant difference between the PEQ and 

DT only in the PDP group (p < 0.001) but not in the VRF (p = 0.060) or the VRF No-Cursor group 

(p = 0.171).  

Reach Training Trials 

Peak Velocity Angular Error (PVAE) 
 

PVAE across the 4 blocks of reach training trials for the PDP, VRF and VRF No-Cursor 

groups are shown in Figure 4. From this figure, we see that participants’ reaches were fairly 

accurate in block 1 aligned (M PVAE = 1.8°, SD = 0.36° to the left of the target), regardless of 

group. In block 2 rotated, when the 40° CW cursor rotation was first introduced, we see that 

participants’ reaches began to deviate to counteract the rotation. ANOVA revealed a significant 

main effect of block (F(3, 40) = 1134.6, p < 0.001), and time (F(1, 40) = 158.476, p < 0.001), and 

significant interactions between block x time (F(3, 40) = 722.508, p < 0.001) and group x time 
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(F(2, 40) = 51.502, p = 0.040). Post hoc analyses revealed that PVAE during all rotated blocks 

were greater than those in block 1 aligned. As well, the extent of adaptation increased over the 

rotated blocks from 25.25° in block 2 (SD = 0.76°), to 32.53° in block 3 (SD = 0.64°), to 34.79° 

in block 4 (SD = 1.10°). Also, PVAE was greater at the end of each rotated block (i.e., time 2, last 

6 trials) compared to the beginning of the same block (i.e., time 1, first 6 trials) in all rotated blocks, 

regardless of group. In accordance with the significant block x time interaction, post hoc analysis 

revealed that at time 1, participants’ increased across blocks (block 1 aligned: M = 1.71°, SD = 

1.28°; block 2 rotated: M = 18.5°, SD = 7.89°; block 3 rotated: M = 30.0°, SD = 6.26°; block 4 

rotated: M = 33.7°, SD = 4.58°; p < 0.05). At time 2, PVAE did not differ between block 3 rotated 

and block 4 rotated (p = 1.00). However, at time 2, block 2 rotated, participants had lower PVAE 

from all other rotated blocks (time 2: block 2: M = 31.9°, SD = 1.73°; block 3: M = 35.1°, SD = 

1.82°; block 4: M = 35.9°, SD = 1.87°, p < 0.05). Finally, while ANOVA revealed a group x time 

interaction, post hoc analysis indicated that all groups were reaching with similar errors at the start 

and end of each of the rotated blocks (all p > 0.05). Thus, by the end of each rotated block, all 

participants reached to the target with similar errors at PVAE, regardless of group.  

Reaction time (RT) and Movement time (MT) 
 

In terms of RT, ANOVA revealed no differences between groups (F(2, 40) = 721.710, p = 

.864), or across blocks (F(3, 40) = 1.288,  p = 0.282). Participants did exhibit shorter RT at time 2 

compared to time 1 (i.e., shorter RT for trials completed at the end of each of the blocks compared 

to at the beginning; F(1, 40) = 18.530, p < 0.001; time 1: M = 269.5 ms, SD = 17.09 ms; time 2: 

M = 233.2 ms, SD = 30.33 ms).  

 With respect to MT, ANOVA reveled main effects of group (F(2, 40) = 1294.265, p = 

0.021), block (F(3, 40) = 41.620, p < 0.001), and time (F(1, 40) = 64.018, p < 0.001), as well as a 
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significant block x time interaction (F(3, 40) = 19.765, p < 0.001). Overall, participants in the VRF 

No-Cursor group reached with the longest MT (M = 1130.6 ms, SD = 260.3 ms), which was 

significantly greater than the MT observed for participants in the VRF group (p = .025; M = 936.9 

ms, SD = 253.3 ms). Participants in the PDP group reached with a mean MT of 966.4 ms (SD = 

254.9 ms), which did not differ from either group (both p > 0.077). Participants reached with the 

shortest MT in block 1 aligned (M = 880.4 ms, SD= 248.4 ms), which did not change within the 

block (i.e., MT at time 1 was similar to time 2). MT increased with the introduction of the 40° CW 

visuomotor rotation in block 2 rotated (M = 1152.34 ms, SD = 293.0 ms), before decreasing 

significantly in block 3 rotated (p < 0.001; M = 1010.2 ms, SD = 229.7 ms). ANOVA revealed a 

block x time interaction, and post hoc analysis revealed that participants had longer MT at time 1 

than time 2 in all rotated blocks (p < 0.001). Participants’ MT was not different at the end of each 

rotated block (all p > 0.05; block 2: M = 1001.1, SD = 250.1 ms; block 3: M = 964.0 ms, SD = 

228.8 ms; block 4:  M = 959.7 ms, SD = 204.5 ms). 

Assessment Trials 

Explicit (EA) and Implicit Adaptation (IA) 
 

Figure 5a shows the magnitude of EA established after each of the rotated blocks relative 

to errors in block 1 aligned for the PDP, VRF and VRF No-Cursor groups. Importantly, ANOVA 

revealed no main effect of group (p = 0.781), or any significant interactions involving group (all p 

> 0.058). ANOVA did reveal a main effect of block (F(2, 40) = 192.53, p = 0.009), and post hoc 

analyses showed that the magnitude of EA increased slightly from block 2 rotated (M = 18.44°, 

SD = 11.86°), to block 3 rotated (p = 0.022; M = 20.89°, SD = 10.33°) to block 4 rotated (p = 

0.042; M = 21.2°, SD = 10.42°).  

IA following each of the rotated blocks is shown in Figure 5b for the 3 groups. ANOVA 

revealed a significant main effect of group (F(2, 40) = 4.451, p = 0.018), and time (F(1, 40) = 
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11.241, p = 0.002). Post hoc analyses revealed that IA was greater in the VRF group (M = 13.51°, 

SD = 1.27°) compared to the VRF No-Cursor group (p = 0.015; M = 5.96°, SD = 2.63°). IA in the 

PDP group (M = 9.61°, SD = 5.87°), did not differ from either group (both ps > 0.332). Also, IA 

decayed from time 1 (M = 10.9°, SD = 2.80°) to time 2 (M = 8.47°, SD = 3.00°), regardless of 

group and block.  

Reaction time (RT) and Movement time (MT) in assessment trials  
 

In terms of RT in the VRF and VRF No-Cursor groups’ assessment trials, ANOVA 

revealed main effects of block (F(3, 26) = 4.445, p = 0.006], and time (F(1, 26) = 17.520, p < 

0.001), and a significant interaction between block x time (F(3, 26) = 3.478, p = 0.040). Post hoc 

analysis failed to reveal a significant difference between blocks. RT was longer at time 1 compared 

to time 2 (p < 0.001; time 1: M = 283.5ms, SD = 82.13ms; time 2: M = 239.5ms, SD = 45.51ms). 

In terms of MT for the VRF trials, ANOVA revealed main effects of group (F(1, 26) = 4.940, p = 

0.035) and block (F(3, 26) = 7.068, p = 0.002). Post hoc analysis revealed that the VRF No-Cursor 

group reached with a significantly longer MT (M = 1183.5 ms, SD = 270.7 ms) compared to the 

VRF group (p = 0.035; M = 975.4 ms, SD = 246.5 ms). Also, MT in block 2 rotated (M = 1154 

ms, SD = 288.6 ms) was significantly longer than the other three blocks (all ps < 0.033; block 1 

aligned: M = 1017 ms; block 3 rotated: M = 1085 ms; block 4 rotated: M = 1062 ms)  

For the PDP group, ANOVA revealed a main effect of block (F(3, 28) = 3.282, p = 0.025) 

with respect to RT when comparing performance across the exclusion and inclusion trials. While 

there was a trend of decreasing RT across blocks, post hoc analyses revealed no significant 

differences between blocks (all p > 0.097). Analysis of MT also revealed a main effect of block 

(F(3, 28) = 4.357, p = 0.007), such that MT in block 2 rotated (M = 892 ms, SD = 233.2 ms) was 
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significantly longer than block 1 aligned (p = 0.014; M = 813 ms, SD = 232.6 ms). Overall, there 

was no difference in RT and MT between exclusion and inclusion trials in the PDP group. 

The contributions of EA and IA to visuomotor adaptation 
 

Figure 6 shows the percentage of reach adaptation which can be accounted for by the extent 

of EA + IA observed in each rotated block. ANOVA revealed a significant main effect of group 

(F(2, 40) = 5.497, p = 0.008), time (F(1, 40) = 9.782, p = 0.003), and significant interactions 

between group x block (F(3.448, 68.965) = 3.858, p = 0.010), group x time (F(2, 40)= 4.557, p = 

0.016), and group x block x time (F(3.141, 62.819) = 2.950, p = 0.037). Post hoc analysis revealed 

that the VRF group had a greater percentage of reach adaptation that was accounted for by EA and 

IA (M = 109%, SD = 6.8%), compared to the VRF No-Cursor group (M = 77%, SD = 32%) for 

all three of the rotated blocks at both times 1 and 2. The PDP groups’ percentage of reach 

adaptation accounted for by EA and IA was on average 92% (SD = 35%). This percentage did not 

differ  from either that seen in the VRF or VRF No-Cursor groups, except in block 2 rotated, time 

2, when it was less than that observed in the VRF group (p = .04; PDP: M = 85.9%; SD = 46.8%; 

VRF: M = 121.6%, SD = 27.6%). In general, the percentage of reach adaptation was significantly 

higher at time 1 (M = 95%, SD = 28%) than time 2 (M = 89%, SD = 34%) for all groups.  

Relationship between Explicit measures 
 

 Figure 7a shows the relationship between verbal responses on the PEQ and EA in block 4 

rotated, at time 1. Pearson correlation analyses revealed that the relationship between the PEQ and 

EA was significant for the PDP (y = 0.7664x – 14.951, R2 = .642; p < 0.001), and VRF No-Cursor 

groups (y = 0.9043x + 10.303; R2 = 0.4663, p = 0.009), but not for the VRF group (y = 0.3239x + 

23.139, R2 = 0.0955, p = 0.244). Figure 7b shows the relationship between the errors drawn in the 

DT and EA in block 4 rotated, time 1. Again, Pearson correlation analyses revealed that the 
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relationship between DT and EA was significant for the PDP (y = 1.2414x – 5.9184; R2 = 0.7184, 

p < 0.001) and VRF No-Cursor groups (y = 0.743x + 7.8081; R2 = 0.8164, p < 0.001), but not for 

the VRF group (y = 0.1265x + 21.922; R2 = 0.0713, p < 0.317).  

Discussion 
 

In this study, we compared the contribution of explicit (Explicit Adaptation, EA: conscious, 

strategic changes in reaches) and implicit processes (Implicit Adaptation, IA: unconscious 

processes that arise due to sensory prediction errors) to visuomotor adaptation over time as 

assessed by different evaluation methods, in order to establish the relationship between explicit 

processes as assessed via Process Dissociation Procedure (PDP) and Verbal Report Framework 

(VRF). Three groups of participants adapted to a 40° CW visuomotor rotation in a similar manner. 

EA and IA were then assessed across blocks of trials using the PDP, VRF or VRF when no visual 

feedback was present (VRF No-Cursor group). Within the PDP assessment trials, participants 

reached without visual feedback under exclusion (‘reach to the target’) and inclusion (‘reach using 

a strategy to get the cursor to the target’) instructions. In the VRF assessment trials, participants 

reported a number indicating their planned aiming direction prior to reaching to the target. 

Awareness of the visuomotor rotation and changes in reaches were also assessed at the end of the 

experiment using a post-experiment questionnaire (PEQ) where participants were asked whether 

or not they noticed a change during training trials and a drawing task (DT) where participants were 

asked to draw the trajectory their hand took to get the cursor to the target in the training trials using 

a pen and paper.   

Explicit Adaptation (EA) 
 

Across the literature, a number of methods have been put forth to establish the role of 

explicit and implicit processes in visuomotor adaptation. These methods include the use of 
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questionnaires (Benson et al., 2011; Modchalingam et al., 2019), drawing tasks (Larssen et al., 

2012; Ong et al., 2012), eye gaze behaviour (de Brouwer, Albaghdadi, Flanagan, & Gallivan, 

2018), the PDP (Werner et al., 2015), and the VRF (Taylor, Krakauer, & Ivry, 2014). Recently, 

the PDP and VRF assessments have received considerable attention. The PDP and VRF enable 

researchers to simultaneously assess both explicit and implicit contributions to visuomotor 

adaptation, regardless of participants’ (verbally) reported level of awareness of the visuomotor 

distortion at the end of the experiment (Taylor et al., 2014; Bond & Taylor, 20115; Werner et al., 

2015; Neville & Cressman, 2018; Modchalingam et al., 2019).  

In the current experiment we compared EA as established via PDP and VRF assessments. 

We found that the magnitude of EA was similar across all three groups of participants following 

all rotated reach training blocks. EA increased slightly across blocks, peaking at 21.2° in Block 4. 

A similar increase in EA over training has been demonstrated by Bond and Taylor (2015), where 

EA increased in magnitude across reach training trials when participants trained to reach to two or 

four targets. In contrast, Taylor et al. (2014) have shown that EA decays across rotated reach 

training trials, when EA is assessed on a trial-by-trial basis during initial reach training trials and 

the contribution of IA increases. Here we assessed EA after 45 trials of rotated reach training. In 

accordance with the increase in EA, we also found an increase of 10° in the extent of reach 

adaptation across rotated reach training blocks. Finally, we found that EA was retained across a 

delay of 5-minutes for all groups. These results extend recent findings from our lab, in which 

Bouchard and Cressman (2017) found that EA can be retained for up to 24-hours after rotated 

reach training trials, when assessed via the PDP. Specifically, we find that the magnitude and 

persistency of EA are similar regardless of method of assessment, when compared within the same 

experiment set-up, at similar times, and with a similar number of trials.  



Running Head: EXPLICIT AND IMPLICIT VISUOMOTOR ADAPTATION  

 

  32 

While we have established similar patterns of EA across the PDP and VRF assessment 

paradigms with respect to magnitude and retention, it is unclear if they are assessing the same 

explicit processes. Differences between the PDP and VRF methods with respect to their definition 

and assessment of EA are subtle. Studies employing the PDP define EA as reflecting one’s 

awareness of how to reach within the visuomotor environment (i.e., strategic reaching; Werner et 

al., 2015, 2019), while research using the VRF method has defined EA as reflecting pre-planned 

cognitive aiming strategies that participants plan to use to counteract the visuomotor rotation 

(Bond & Taylor, 2015; Taylor et al., 2014). These aiming strategies are provided via verbal reports 

prior to reaching, and do not necessarily reflect awareness of the visuomotor distortion. That said, 

Morehead and colleagues (2015) have indicated that the processes underlying aiming strategies 

might be accessible to awareness.  

In addition to the differences with respect to definition, EA is indirectly assessed within 

the PDP by calculating the difference between reaching errors in the exclusion versus the inclusion 

trials. In contrast, EA is directly assessed through verbal reports provided prior to reaching in the 

VRF. Values of EA correspond to a number’s location in a number array surrounding the target in 

the VRF. By design, these numbers are separated by a minimal distance (e.g., 5.6°; Taylor et al, 

2014), thus placing constraints on the amount of EA that can be observed (i.e., it is not a continuous 

measure). In our VRF assessment trials, we attempted to limit the separation between our number 

locations to 3°. Even with this smaller separation between numbers, the measure of EA in the VRF 

is restricted to a value assigned to a number in the array surrounding the target, which is not the 

case in the PDP. These subtle differences in definition and assessment procedures make it unclear 

if the two methods are measuring similar explicit processes, even with the common pattern of 

results in the current experiment.  
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In attempt to examine the explicit processes being assessed within the PDP and VRF in 

further detail, we looked to our responses on the post-experiment questionnaire (PEQ; from 

Benson et al., 2011; Hwang et al., 2006) and drawing task (DT; adapted from Larssen et al., 2012; 

Ong et al., 2012). Specifically, we looked to determine if EA as assessed via the PDP or VRF were 

related to participants’ reported (verbal) awareness of the visuomotor distortion and how their 

reaches changed at the end of the experiment. In the PEQ, participants were questioned on whether 

they noticed a change during the experiment. Following a ‘yes’ answer, they were designated as 

aware of the visuomotor distortion and then probed on how they would describe that change, and 

finally, participants were asked to guess the size of the visuomotor rotation (see Benson et al., 

2011 for PEQ). Within the DT participants were to draw the trajectory their hand took in order for 

the cursor to go to the target, while having vision of their hand. The task is adapted from Larssen 

et al. (2012), who suggest that the errors observed in the DT represent participants’ awareness of 

the visuomotor distortion (2012). Based on our screening criteria, all participants were designated 

as aware of the visuomotor distortion based on their PEQ responses, Moreover, across groups, we 

found that average responses were similar on both the PEQ (30.2°) and DT (22.8°).  

While group performance across PDP and VRF methods of assessment, as well as 

performance on the PEQ and DT, were similar with respect to explicit contributions to visuomotor 

adaptation, analyses of participants’ individual performance data revealed a different story. In 

particular, we found that post-experiment awareness of the visuomotor distortion, as determined 

by the PEQ or DT, predicted EA only for the PDP and VRF-No Cursor groups. Within the PDP 

and VRF-No Cursor groups, slopes ranged from 0.6 to 1.1 (PDP: PEQ slope = 0.8377, R2 = 0.642, 

DT slope = 0.5787, R2 = 0.718; VRF-No Cursor: PEQ slope = 0.6255, R2 = 0.546, DT slope = 

1.0988, R2 = 0.816), such that participants who reported a greater visuomotor distortion in the PEQ 
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and drew larger errors in the DT, demonstrated larger EA during assessment trials. On the other 

hand, there was no significant relationship between EA and responses on the PEQ and DT for the 

VRF group, even though their group performance was similar to that seen in the PDP and VRF-

No Cursor groups. These results suggest that EA, as assessed via the PDP, is related to one’s 

awareness of the visuomotor distortion and how one has to change their movements at the end of 

the experiment, while EA as assessed via the typical VRF assessment method does not reflect 

one’s post-experiment awareness.  

We modeled our VRF assessment trials off Taylor and colleagues (2014, other years), such 

that visual feedback of the cursor was presented during assessment of EA and IA for the VRF 

group. Participants first reported where they planned to reach in order to get to the cursor to the 

target, and then reached while seeing the cursor. The visual feedback enabled them to correct their 

movements online or on a trial-to-trial basis, and provided the opportunity to experience minimal 

errors (i.e., they saw the cursor go to the target). The PDP and VRF-No Cursor groups did not have 

the same opportunities with respect to correcting their movements or seeing a successful 

movement completed, as they did not see the cursor during any of the assessment trials. It is thus 

not surprising that a greater proportion of reach adaptation was accounted for by EA and IA in the 

VRF group (~108%) compared to the other two groups (PDP: 92%; VRF-No Cursor: 77%). The 

continued movement success of the VRF group may have led to a decreased awareness of the 

visuomotor distortion over the course of the experiment, as they would have experienced small 

target errors (i.e., the cursor went to the target).  

Given these differences across groups, we conclude that the PDP and VRF do not assess 

similar explicit processes, and that the availability of visual feedback during assessment 

determines the role of awareness in EA. Specific to the PDP, EA reflects one’s knowledge of how 
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to reach to counteract visuomotor distortion. This EA is accessible to conscious awareness and can 

be recalled, such that participants can verbally report the magnitude of the visuomotor distortion 

and demonstrate how they had to change their movements at the end of the experiment. In the VRF 

method, EA reflects transient pre-planned aiming strategies that are contingent on the continued 

availability of visual feedback. These aiming strategies do not reflect participants’ awareness of 

the visuomotor distortion at a later time.    

Implicit adaptation (IA) 
 

In order to determine if the PDP and VRF assess similar processes underlying visuomotor 

adaptation, we focussed on comparing EA across paradigms. However, within both the PDP and 

VRF, IA is also established. IA has been consistently defined within visuomotor adaptation 

paradigms, and across methods of assessment, as changes in reaches that arise due to unconscious 

and non-intentional changes to the internal model as a result of experiencing a sensory prediction 

error (Wolpert & Kawato, 1998). Within the PDP and VRF, participants have a goal target and IA 

is established based on errors relative to the target. Given the consistency in definition of IA and 

similarities in method of assessment, it is perhaps not that surprising that we found similar IA 

between PDP and VRF assessments with respect to magnitude across reach training blocks and 

retention. We found that IA was on average 10.9° at time 1 across the three rotated reach training 

blocks. For both the PDP and VRF groups, IA decayed by approximately 3° following a 5-minute 

break. This decay in IA has been well documented in visuomotor adaptation studies (see Morehead 

et al., 2015; Maksimovic & Cressman, 2018; Nurouzpour et al., 2015). Specifically, previous work 

from our lab has shown that initial aftereffects decay by 71% following a 24-hour period (i.e., from 

24° to 7°; Maksimovic & Cressman, 2018). As well, an experiment using the PDP method reported 
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evidence of the same decay of ~ 3° of IA following a 5-minute delay (Neville & Cressman, 2018), 

as we see in the current experiment. These results indicate that IA is much less stable than EA.   

We did find a difference in IA when we compared our VRF and VRF-No Cursor groups, 

such that the VRF No-Cursor group demonstrated less IA compared to the VRF group (~ 6.0° vs 

14°, respectively). Within VRF assessment trials, IA was determined by the difference in reaching 

direction compared to the reported aiming direction. While visual feedback was manipulated 

between our VRF (cursor present) and VRF-No Cursor (cursor not present) groups, the number 

array was available throughout assessment trials for both groups, providing a continuous goal 

target. Participants in the VRF-No Cursor group aimed closer to their reported aiming direction 

compared to the VRF group. Previous research examining the role of visual feedback in 

visuomotor adaptation has shown that participants who adapted to a visuomotor distortion while 

receiving continuous visual feedback demonstrated larger reach aftereffects (larger IA) than those 

who received terminal feedback (smaller IA) (Barkley, Salomonczyk, Cressman, & Henriques, 

2014; Salomonczyk, Cressman, & Henriques, 2011). The increased IA in the VRF group may have 

been promoted by the continually visible cursor, and opportunity to reach to the target (i.e., see the 

cursor go to the target). Furthermore, this increased IA, may explain why EA in the VRF group 

did not reflect their post-experiment awareness of the visuomotor distortion and how they had to 

change their reaches, as seen in the PDP and VRF-No Cursor groups.  

Summary 
 

 Both explicit (EA) and implicit processes (IA) underlie visuomotor adaptation. To date, 

methods of assessment have used the term explicit to refer to knowledge regarding changes in 

reaches when reaching with a visuomotor distortion (PDP) or pre-planned aiming strategies (VRF). 

In the current experiment we asked if these explicit processes are similar across methods of 
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assessment. We found similar EA with respect to magnitude over blocks of reach training trials 

and retention when assessed via the PDP and VRF following visuomotor adaptation. However, 

EA assessed in the PDP was related to participants’ awareness of the visuomotor distortion and 

changes in their reaches as established by a post-experiment questionnaire (PEQ; Benson et al. 

2011) and drawing task (DT; Larssen et al., 2011), respectively. Similar relationships were seen 

in the VRF assessment, only when the paradigm was modified and visual feedback regarding one’s 

reaching trajectories was not available during assessment.  Thus, the preplanned aiming strategy 

used to assess EA within the typical VRF design, does not reflect participants’ awareness of the 

visuomotor distortion at the end of the experiment, and hence is measuring different explicit 

processes compared to the PDP.  
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Figures 
 

 

Figure 1. Experimental apparatus and types of trials   
(A) Depiction of the KINARM: the double-jointed robot manipulandum used for data collection. 

Participants were seated on a height adjustable chair (not shown) and instructed to grasp the robot 

handle with their right hand. (B) Top view of the apparatus illustrating the dimensions of the 

experimental workspace. The home position (as represented by the white circle) was visible to 

participants throughout testing. The three reach targets (filled yellow circles, 2 cm in diameter), 

were located straight ahead, and 45° clockwise (CW) and 45° counterclockwise (CCW) relative to 

straight ahead, at a distance of 15 cm from the home position. (C) Top view of an aligned reach 

training trial. (D) Top view of a rotated reach training trial. (E) An example of an inclusion trial 

completed by the PDP group, where participants reached with no visual feedback of their hand 

position when asked to use any strategies they might have learned. (F) An example of an 

assessment trial completed by the VRF No-Cursor group, where numbered landmarks spanned 

138° around the target. 
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Figure 2. Experimental design 
Overall breakdown of blocks completed by all participants and specific assessment blocks for 

participants in each of the PDP, VRF and VRF No-Cursor groups. In the PDP group, the order of 

exclusion and inclusion trials was counterbalanced across participants. In addition, the order of 

these trials was the same at time 1 (initial) and time 2 (5-minute delay), such that half of the 

participants started with exclusion trials, the other half started with inclusion trials. In the VRF and 

VRF No-Cursor groups, there was no difference between assessment trials after aligned reach 

training and rotated reach training. 
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Figure 3. Sequence of events within each trial type 
(A) Time and events in an aligned reach training trial and (B) a rotated reach training trial where 

the cursor position was rotated 40° CW relative to hand motion. (C) Time and events in the PDP 

exclusion and inclusion assessment trials. (D, E) VRF assessment trials where a number array was 

presented around the target. Participants first reported their planned aiming direction and then 

E: VRF No-Cursor: Verbal report trials 

D: VRF: Verbal report trials 

C: PDP: exclusion and inclusion trials 

B: Rotated Cursor reach training trial 

A: Aligned Cursor reach training trial 
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reached to the target while the cursor was available (D, VRF group), and unavailable (E, VRF No-

Cursor group).   
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Figure 4. Reach Training Performance 
Mean PVAE of the hand when participants trained with a cursor that was aligned (Block 1) or 

rotated 40° clockwise (CW) relative to their hand motion (Blocks 2, 3, 4). The results are presented 

such that each point represents average performance across three trials. Positive values indicate 

reaching to the left of the target. The PDP group is represented by the green area represented in 

green, the VRF group by the area represented in blue and the VRF No-cursor group by the area 

represented by red. The solid black lines represent mean reach performance, with the shaded region 

representing standard error of the mean in the positive and the negative directions. The dashed line 

represents full compensation for the CW rotation (40°). 
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Figure 5. Explicit and Implicit adaptation 
Mean Explicit Adaptation (A) and Implicit Adaptation (B) across each rotated reach training 

block at time 1 (Black lines) and time 2 (Grey lines). For each plot, solid lines represent the PDP 

group, large dashed lines represent the VRF group and the small dashed lines represent the VRF 

No-Cursor group. The error bars indicate standard error of the mean. 
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Figure 6. Adaptation indices as a percentage of reach adaptation  
Explicit plus implicit adaptation expressed as a percentage of reach adaptation observed in each 

rotated block. Solid lines represent the PDP group, large dashed lines represent the VRF group and 

the small dashed lines represent the VRF No-Cursor group at time 1 (Black lines) and time 2 (Grey 

lines). The asterisk (*) indicates a significant difference between the VRF and VRF No-Cursor 

groups. Error bars indicate the standard error of the mean. 
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Figure 7. Relationship between methods of assessment 
(A) The relationship between the magnitudes of EA as established in the assessment trials in rotated block 4, at time 1, and responses 

on the post-experiment questionnaire. (B) The relationship between the magnitude of EA in the assessment trials, in rotated block 4, 

time 1, and errors on the DT. Circles represent the PDP group, triangles represent the VRF group, and squares represent the VRF No-

Cursor group.  
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General Discussion 
 

 Motor adaptation, a form of motor learning, can be examined by assessing changes in 

reaches in response to a visuomotor distortion. In the current experiment, all participants adapted 

their reaches to a 40° visuomotor distortion. The main goal of our study was to compare the extent 

of explicit (EA) and implicit adaptation (IA) observed when assessed via the Process Dissociation 

Procedure (PDP) and Verbal Report Framework (VRF), in order to establish if the 2 methods of 

assessment assess similar processes underlying visuomotor adaptation. Further, given our interest 

in the contributions of EA to visuomotor adaptation and diversity of assessment methods used 

previously, we also included the post-experiment questionnaire (PEQ) and a Drawing task (DT) 

to establish the relationship between EA as assessed via the PD and VRF and participants’ post-

experiment awareness of the visuomotor distortion and changes in their reaches. Finally, we 

examined the role of visual feedback in VRF assessment trials by including a third group of 

participants (i.e., the VRF No-Cursor group), who completed the same assessment trials as the 

VRF group but did not receive visual feedback during the trials.  

In general, we found no differences in the magnitude or retention of EA and IA between 

the PDP and VRF groups. IA did differ between the VRF and VRF No-Cursor groups, such that 

IA was less in the VRF No-Cursor group. For participants in the PDP and VRF No-Cursor groups, 

EA was related to their awareness of the visuomotor distortion (i.e., PEQ responses) and how they 

had to change their reaches (i.e. DT errors) at the end of the experiment. However, EA assessed in 

the VRF group was not related to their awareness of the magnitude of the visuomotor distortion at 

the end of the experiment nor how they had to change their reaches, as determined by their 

responses on the PEQ and DT, respectively. The increased IA in the VRF group may have been 

driven by access to continual visual feedback throughout the experiment, which would have 
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provided information regarding reaching errors on a trial-to-trial basis, potentially reducing the 

role of awareness in changes to reaches over trials. Thus, we suggest that our findings indicate that 

the PDP and VRF methods do not assess similar explicit processes underlying visuomotor 

adaptation. 

Tests of Awareness 
  

We included the PEQ and DT to assess participants’ awareness of the visuomotor distortion 

and changes in their reaches at the end of the experiment. The PEQ was adopted from Benson et 

al. (2011), and has been used extensively as a post-experiment assessment of awareness of the 

visuomotor distortion. As in our experiment, previous work has typically administered the 

questionnaire at the end of the experiment (e.g., Bouchard & Cressman, 2019; Wang, Joshi & Lei, 

2011; Taylor, Wojaczynski, & Ivry, 2011), at which time reaching errors tend to be quite small, 

potentially impacting participants’ awareness of the visuomotor perturbation. Initial work using 

such questionnaires classified participants as aware or unaware of the visuomotor rotation (Benson 

et al., 2011; Hwang et al., 2006), and then regarded participants’ performance as being driven 

explicitly (if aware of the visuomotor distortion) or implicitly (if unaware of the visuomotor 

distortion). Today, it has been suggested that categorizing participants as aware versus unaware 

and hence engaging explicit vs. implicit processes, is too strict. There is increasing evidence that 

both explicit and implicit processes can contribute to visuomotor adaptation, regardless of 

participants’ reported awareness at the end of the experiment (Neville & Cressman, 2018; Taylor 

et al., 2014; Werner et al., 2015). In the current experiment, we used the PEQ and DT to determine 

whether awareness at the end of the experiment was related to EA during visuomotor adaptation 

as established via PDP and VRF methods of assessment. Below we discuss the relationship 

between responses on the PEQ, DT and EA as assessed via the PDP and VRF. 
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We found that participants’ responses on the PEQ indicated that they perceived the 

visuomotor distortion as being approximately 30.2°. Interestingly, responses on the PEQ indicated 

greater awareness of the visuomotor distortion than errors drawn during the DT (approximately 

23°), and indeed than the extent of EA established via the assessment trials (approximately 20°). 

This increased awareness on the PEQ is in contrast to previous suggestions that verbal reports tend 

to underestimate awareness due to differences in retrieval contexts or because knowledge is held 

in low confidence (Eriksen, 1960; Nisbett & Wilson, 1977; Reingold & Merikle, 1990; Shanks & 

St John, 1994). That said, this suggestion is not based on visuomotor adaptation paradigms and to 

date, prior to our research, no study has compared participants’ reported awareness following 

visuomotor adaptation with EA assessed during training trials.  

In our full sample of participants (N = 61), we had a number of individuals in each group 

that did not show evidence of EA in the PDP or VRF assessment trials but showed awareness of 

the visuomotor distortion at the end at the experiment as evaluated by their responses to the PEQ 

and DT (PDP: 2 participants, VRF: 0 participants; VRF-No Cursor: 1 participant). Alternatively, 

we also had a number of participants who did not show awareness of the visuomotor distortion at 

the end of the experiment using the PEQ and/or DT but demonstrated EA in the assessment trials 

(PDP: 1 participant, VRF: 4 participants; VRF-No Cursor: 1 participant). In an initial analysis, we 

included data from all 61 participants. Results from our full data set revealed similar patterns to 

those discussed in Chapter II; EA was similar with respect to magnitude and retention across our 

3 groups of participants, but not related to post-experiment awareness in our VRF group. Given 

our question of interest, we decided to focus our research on participants who demonstrated EA 

and were aware of the distortion at the end of the experiment. That said, these ‘discarded’ 

participants, as well as differences in the relationship between EA and post-experiment awareness 
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(see also Werner et al. (2015) and Modchalingam et al. (2019)), do raise questions regarding 

consistencies (or inconsistencies) across methods of assessment of explicit contributions to 

visuomotor adaptation. Below we suggest that differences across methods of assessment may be 

driven by the nature of the task (i.e., vision for perception vs. action).   

Perception versus Action 
 

The neural substrates underlying visual perception have been suggested to differ from those 

underlying the visual control of goal-directed actions (Milner & Goodale, 1992). According to 

Milner and Goodale’s dual model of visual processing (1992), the ventral (what) visual stream, 

projecting from primary visual cortex to the inferotemporal cortex, is responsible for object 

identification and perception of the visual world, whereas the dorsal (how) visual stream, 

projecting from primary visual cortex to the parietal cortex, is responsible for visually-guided 

actions (Goodale, Pelisson, & Prablanc, 1986). Evidence supporting the two-stream model of 

visual processing has come from patient populations (Milner & Goodale, 2006; Goodale, Milner, 

Jakobson, Carey, 1991; Jeannerod, 1986; Perening & vighetto, 1988; 1983; Goodale et al., 1991; 

Jeannerod, Decety, & Michel, 1994) and healthy individuals (Goodale et al., 1986; Desmurget et 

al., 1998). In the two-streams model of visual processing, perception refers to the conscious and 

unconscious experience of vision (Milner & Goodale, 2008). Conscious experience of vision (i.e., 

visual experience of the visual stimuli) can be translated into subjective, verbal reports, while 

unconscious perception (i.e., mental representations of the visual stimuli that may not reach 

conscious awareness) does not translate into subjective reports. That said, unconscious perception 

can influence later cognitive operations in healthy participants (Dehaene et al., 1998).  

In the PDP, EA and IA are established based on reaching errors (i.e., an action task), 

whereas in the VRF, EA is determined based on a verbal responses (i.e., a perceptual task), such 



Running Head: EXPLICIT AND IMPLICIT VISUOMOTOR ADAPTATION  

 

  54 

that participants verbally indicate the number they plan to reach to prior to initiating their 

movement. Thus, given the different nature of the tasks employed by the PDP and VRF, perhaps 

they are tapping onto different visual processing streams when assessing EA. Moreover, in the 

VRF, IA is determined by both perceptual and motor responses, as IA reflects the difference 

between one’s verbal report and their reaching errors. If perception can influence action, then does 

the measure of IA as established via the VRF method reflect similar processes as seen in the PDP?  

In general, we found that EA and IA were similar in magnitude across the PDP and VRF 

methods. This similarity indicates that perhaps the two tasks were not that different. If we consider 

the PDP assessment trials in more detail, we find that participants were given instructions 

regarding their reaches. Specifically, the exclusion and inclusion instructions were to reach when 

you “using what you learned” and “not using what you learned”, respectively. These instructions 

may have changed the nature of the action task, tapping into perceptual processing, as engaged in 

during the VRF assessment trials. Moreover, we delayed reach initiation for the PDP group, as 

they had to wait 500 to 1200 ms for the target to change from yellow to blue, before starting their 

movement. This delay may also have made the PDP assessment trials more similar to the VRF 

assessment trials, in which participants initiated their reaches following their verbal responses 

indicating where they planned to reach. Thus, perhaps the assessment trials for the PDP, which we 

refer to as a motor task, may have a perceptual component as well. In accordance with this 

suggestion we found similar RT and MT across exclusion and inclusion PDP trials, whereas in our 

previous work, in which we did not delay reach onset, we found that participants took longer to 

initiate their reaches in the inclusion trials compared to exclusion trials (Bouchard & Cressman, 

2019). This perceptual processing (i.e. movement planning) required by the PDP and VRF could 
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explain the similar trends between the two methods. That said, the similarities between paradigms 

were contingent on visual feedback being available during the VRF assessment trials. 

Future directions 
 

In the current study, we compared EA as established via the PDP and VRF methods of 

assessment, at similar points of time, after participants completed the same number of reach 

training trials, to the same visuomotor distortion. In order to maintain participants’ motivation (i.e., 

not make the experiment too long), participants completed a limited number of assessment trials. 

The PDP group completed 12 assessment trials, 6 exclusion and 6 inclusion trials, at each 

assessment time. The VRF groups also completed 12 assessment trials at each time, but all 12 trials 

provided an index of explicit and implicit processes. Perhaps this difference in trial number may 

have influenced the consistency of participants’ responses across methods of assessment. Given 

the limited number of trials to each target, we did not asses the influence of target position, or 

consistency of reaches. Previous work from our lab (Neville & Cressman, 2018), has demonstrated 

that explicit and implicit adaptation are similar across target positions when assessed using the 

PDP. Future research is needed to determine the relationship between consistency of EA and IA 

across methods of assessment, and determine if target position plays a role, as suggested by Day 

and colleagues (2016). 

 Future research could also look to determine the role of perceptual processes in establishing 

IA. For example, IA could be assessed within the VRF (and PDP), when explicit processes are not 

exploited. For example, participants could complete a series of catch trials during reach training 

trials, or a block of aftereffect trials (i.e., no-cursor reaches when instructed to reach to the target), 

when the number array is not presented around the target, to ensure that perceptual processes are 

not engaged. Results from these experiments would indicate if engaging perceptual processes (i.e., 
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assessing EA), influence IA in the VRF. Similarly, participants could be instructed to merely reach 

to the target in the PDP assessment trials (i.e., employ standard instructions given in aftereffect 

trials), without the mention of “not using what you learned” or delaying reach onset. We have 

conducted preliminary work in our lab looking to study the influence of perceptual processes on 

IA (Decarie, Heirani Moghaddam & Cressman, 2020). We tested 4 groups of subjects who adapted 

to a 40° clockwise rotation and then IA was assessed using the PDP and VRF methods. Results 

indicated that the extent of IA was largest for the PDP group, when no instructions on strategy was 

provided. However, the magnitude of IA in the VRF group did not differ regardless of whether EA 

was assessed as well as IA or not. Taken together, the results indicated that the influence of 

assessing EA on IA depends on the method of assessment, such that assessing EA within the PDP 

framework leads to a decrease in the extent of IA observed. These results further support the idea 

that the PDP and VRF methods assess different processes. 

Conclusion 
 

 Here we compared the magnitude and retention of explicit (EA) and implicit adaptation 

(IA) within the PDP and VRF methods. Additionally, we looked to establish the relationship 

between EA and awareness of the visuomotor distortion and changes in reaches at the end of the 

experiment. We found that the average magnitude and retention of EA and IA were similar 

regardless of method of assessment. However, the magnitude of EA observed in the VRF group 

was not related to their awareness of the visuomotor distortion or the changes in their reaches at 

the end of the experiment. Together, these results indicate that, while the PDP and VRF suggest 

similar contributions of EA and IA to visuomotor adaptation, the methods of assessment engage 

different explicit processes. EA assessed within the VRF does not reflect one’s awareness of the 

visuomotor distortion at the end of the experiment or how they changed their reaches. 
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Background 

 

Most of us perform goal directed actions – i.e. reaching for a cup of coffee – without thought 

or effort. It is only after something goes wrong (i.e. damage to part of the brain), that we begin 

to appreciate how complex a job the brain has in transforming sensory signals (e.g. visual 

input) into appropriate action plans. The overall goal of the research being undertaken in my 

laboratory is to understand how the brain transforms sensory input into motor output in the 

“healthy” brain. This research has important implications for people suffering from 

neurological disorders, as it is only after we gain a fundamental understanding of the normal 

mechanisms underlying goal directed action that we can begin to design effective rehabilitation 

programs, targeted at individuals with damage to certain areas of the brain. 
 

Purpose 

 

The purpose of this research is to determine how the brain combines multiple sources of sensory 

information so that it can plan an appropriate movement and form a coherent estimate of where 

the limb is in space. In particular, we are looking at the integration of visual and proprioceptive 

information in the brain, where proprioceptive input arises from sensory receptors inside the 

body that enable us to localize various parts of the body in relation to each other (e.g. 

proprioception is the sense that allows you to touch your index finger to your nose when your 

eyes are closed). 
 

Subject Profile 

 

To be a participant you must be a right-handed, healthy (no history of neurological, and/or 

motor dysfunction) adult with normal or corrected-to-normal visual function, aged between 

16 and 40 years. 
 

Study Procedures 

 

In order to examine how visual and proprioceptive inputs are integrated in the brain you will be 

asked to point to targets (i.e. a visual dot) with your right/left hand as fast and as accurate as 

possible. You may also be asked to indicate where your hand is relative to a target (i.e. left or 

right of the target). In order to record your hand movement, you will hold onto a robot handle 

(KINARM, Kingston, ON, Canada). We do not need to do any preparation of the skin. It is 

important to note that this robot system only captures the position of the handle (it does not 

capture your image (i.e. personal features) in any form). 
 

Experimental Session 

 

The entire experiment will be completed in Montpetit Hall, Room 403B. Each participant 

will complete testing on 1 day, with each testing session lasting about an 1 hour. Upon 

completion of the testing session(s) the experimenter will provide additional details on the 

visual information displayed and the hypothesized results. 
 
 

 



Running Head: EXPLICIT AND IMPLICIT VISUOMOTOR ADAPTATION  

 

  70 

Risks and discomforts 

 

The risks involved in participating in this experiment are minimal. That is, the risks are no 

greater than the risks experienced in everyday life. However, you might experience slight 

fatigue, as you will be asked to maintain focused attention throughout the experiment and 

perform multiple reaching movements. In attempt to ensure that you do not become fatigued, we 

have scheduled 5-minute breaks approximately every 15 minutes. As well, please let us know if 

you require longer or more frequent periods of rest. 
 

Benefits 

 

Thank you for taking the time to participate in this study. While there are no direct benefits to 

you from participating in this study, this research has important implications for people 

suffering from neurological disorders. It is only after we gain a fundamental understanding of 

the normal mechanisms underlying sensory guided action that we can begin to design effective 

rehabilitation programs, targeted at individuals with damage to certain areas of the brain. 
 

Anonymity and Confidentiality 

 

All information and data collected are coded to maintain confidentiality. Specifically, raw data 

will be stored using an alphanumeric coding system so that no one will be able to identify you 

as your name will not appear on these files. The data will be analyzed on password protected 

computers that only the researchers directly involved in this study will have access to. Once 

analyzed the data will be kept in Room 403B, Montpetit Hall, in locked filing cabinets and only 

the researchers directly involved in this study will have access to your data. 
 

No records bearing your name will leave the institution. You are encouraged to request and 

discuss the results of the experimental trials at any time. 
 

The data collected in this study may be published in scientific journals, as well as in a University 

of Ottawa MSc or PhD thesis. The data will be kept for a period of 10 years post-publication and 

will subsequently be destroyed by the physical resources service of the University of Ottawa. 
 

Voluntary Participation 

 

For the entire duration of the study, it is fully understood that you may refuse to participate 

or withdraw from the study at any time, without question. As well, you can ask the 

researcher any questions about any part of the research being conducted at any time. Data of 

participants who withdraw from the study will be destroyed immediately. 
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INFORMED CONSENT OF PARTICIPANT 

 

Research involving human subject require written consent of the participants. 
 

 

I, __________________________, hereby volunteer to participate as a subject in the study 

entitled  

“Explicit and Implicit Contributions in Motor Adaptation”. I have read the information 

presented in the above background information and I had the opportunity to ask questions to the 

investigator(s). I understand that my participation in this study, or indeed any research, may 

involve risks that are currently unforeseen. 
 

I recognize that there will be no direct benefit to me from my participation in this study. 
 

I understand that if I have any questions regarding the study, I may contact Dr. Erin Cressman at 

613-562-5800 ext 4264. If I have any questions or complaints with regards to the ethical 

conduct of this study, I may contact the Protocol Officer for Ethics in Research, University of 

Ottawa, Tabaret Hall, 550 Cumberland Street, Room 154, Ottawa, ON K1N 6N5, tel.: 613-562-

5387, email: ethics@uottawa.ca . 
 

I have been given a copy of this Background Letter and Consent Form for me to keep. 

 

Signature of participant:                                         Date: 

 

Signature of researcher:                                         Date: 
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Appendix C 
Edinburgh Handedness Inventory 

    

Your participant ID:    

 

Please indicate with a one (1) your preference in using your left or right hand in the following 

tasks. 

 

Where the preference is so strong you would never use the other hand, unless absolutely forced 

to, put a two (2).  

 

If you are indifferent, put a one in each column ( 1  |  1). 

 

Some of the activities require both hands. In these cases, the part of the task or object for which 

hand preference is wanted is indicated in parentheses. 

  

Task / Object Left Hand Right Hand 

1. Writing   

2. Drawing   

3. Throwing   

4. Scissors   

5. Toothbrush   

6. Knife (without fork)   

7. Spoon   

8. Broom (upper hand)   

9. Striking a Match (match)   

10.  Opening a Box (lid)   

Total checks: LH =  RH =  

Cumulative Total CT = LH + RH =  

Difference D = RH – LH =  

Result R = (D / CT)  100 =  

Interpretation: 

(Left Handed: R < -40) 

(Ambidextrous: -40  R  +40) 

(Right Handed: R > +40) 

 

 

  

Please stop here 
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Appendix D 

 
 

Post-Experiment Questionnaire  

Questionnaire used by Benson et al. (2011) that was given to all of our participants upon 

completion of the study (i.e., following all reaching trials). The researcher asked a series of 

questions as outlined above, depending on how a participant responded. In accordance with 

Benson, participants were classified as being aware of the visuomotor distortion if they report 

using a strategy to counteract the distortion, or noticed a difference in how they had to reach in 

order to get the cursor to the intended target. Those reporting otherwise, were classified as 

unaware of the visuomotor distortion. 
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Appendix E 

 
 

Final Drawing Model 

 

The diagram on which participants drew where they reached in order to get the cursor to each of 

the targets in the rotated cursor reach training trials (i.e., reach training trials block 4). This 

drawing model was given to the participants at the end of all of the reach training trials, 

following the post-experiment questionnaire. The size of the paper was to scale to the real 

dimensions participants used to reach on the Kinarm.  
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Appendix F 
Participant form 

 

Full name: _________________________     Date: _______________ 

 

Date of Birth: ________________     Age: __________ Sex:  M    F  Other 

 

Right handed _________________ corrected vision: Y    N 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Testing info: 

 

Group: PDP       VRF        VRF No-Cursor 

 

Block 1: Aligned training  

 

Block 1: No cursor Exclusion (12 trials) 

 

BREAK 

 

Block 1: No cursor Exclusion (12 trials) 

 

Block 2: Rotation training 

 

Block 2: Inclusion/Exclusion (12 trials) 

 

BREAK 

 

Block 2: Inclusion/Exclusion (12 trials) 

 

For experimenter to complete 

 

Position measurements  

 

Arm Length: _________   Shoulder-Table Horizontal Distance: ________ 

 

Chair Distance: ________   Shoulder Table Horizontal Distance: _________ 

 

Eye-Table Horizontal Distance: _____ Shoulder – Corner Distance: _____________ 

       

Eye-Table Vertical Distance: _____  Chair Height: __________  

 

Eye-Corner Distance: __________ 
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Block 3: Rotation training 

 

Block 3: Inclusion/Exclusion (12 trials) 

 

BREAK  

 

Block 3: Inclusion/Exclusion (12 trials) 

 

Block 4: Rotation training 

 

Block 4: Inclusion/Exclusion (12 trials) 

 

BREAK 

 

Block 4: Inclusion/Exclusion (12 trials) 

 

Group: PDP       VRF        VRF No-Cursor 

 

Block 1: Aligned training (45 trials) 

 

Block 1: Verbal No cursor (12 trials) 

 

BREAK 

 

Block 1: Verbal No cursor (12 trials) 

 

Block 2: Rotation training (45 trials) 

 

Block 2: Verbal No cursor (12 trials) 

 

BREAK 

 

Block 2: Verbal No cursor (12 trials) 

 

Block 3: Rotation training 

 

Block 3: Verbal No cursor (12 trials) 

 

BREAK  

 

Block 3: Verbal No cursor (12 trials) 

 

Block 4: Rotation training 

 

Block 4: Verbal No cursor (12 trials) 
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BREAK 

 

Block 4: Verbal No cursor (12 trials) 

 

Group: PDP       VRF        VRF No-Cursor 

 

Block 1: Aligned training (45 trials) 

 

Block 1: Verbal cursor (12 trials) 

 

BREAK 

 

Block 1: Verbal cursor (12 trials) 

 

Block 2: Rotation training (45 trials) 

 

Block 2: Verbal cursor (12 trials) 

 

BREAK 

 

Block 2: Verbal cursor (12 trials) 

 

Block 3: Rotation training 

 

Block 3: Verbal cursor (12 trials) 

 

BREAK  

 

Block 3: Verbal cursor (12 trials) 

 

Block 4: Rotation training 

 

Block 4: Verbal cursor (12 trials) 

 

BREAK 

 

Block 4: Verbal cursor (12 trial) 
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Appendix G 
Testing Script 

PDP Group 

Block 1: Introduce the baseline condition 

A) In this task, you will see a yellow target come up. Wait until it turns blue and then reach 

to it as quickly as possible with the goal of the cursor landing on the target. Once you are 

done, hold your hand still until the target disappears. After the target has disappeared, the 

robot will move your hand back to the home position (the white circle) to begin the next 

trial. Do you have any questions? Do a few practice trials – we will try a few trials now. 

There are 45 trials in this baseline block, and it will take about 6 minutes.  Are you ready 

to begin?   

B) You are now going to reach when you cannot see your hand – there will be no visual 

cursor on the screen. Once again just reach out to the target as you just did once it turns 

blue. The goal is to get your hand to the target. Do 6 trials, pause for a few seconds, do 6 

more 

C) 5-minute break 

D) You are now going to reach when you cannot see your hand – there will be no visual 

cursor on the screen. Once again just reach out to the target as you just did once it turns 

blue. The goal is to get your hand to the target. Do 6 trials, pause for a few seconds, do 6 

more 

Block 2: Introduce the training block 

A) This block is called the training block. There are 45 trials in this block, and it will take 

about 6 minutes. The target will come up. Once it turns blue, reach out as quickly as 

possible so that the cursor lands on the target. So again, you will see that cursor. Reach 

out so that it lands on the target. 

B) You are now going to reach when you cannot see your hand – there will be no visual 

cursor on the screen. Once again just reach out to the target as you just did once it turns 

blue. However, I have two sets of instructions for you. For these first 6 trials (Exclusion 

trials), I want you to: “Do not use what you may have learned to get the cursor to the 

target. Instead, aim so that your hand goes straight to the target as you did during 

baseline”. For these next 6 trials (Inclusion trials): “. Use what you have learned during 

training in order to get the cursor to the target. In other words, aim so that the cursor 

would have gone straight to the target, as in the training trials you just completed”  

C) 5-minute break 

D) You are now going to reach when you cannot see your hand – there will be no visual 

cursor on the screen. Once again just reach out to the target as you just did once it turns 

blue. However, I have two sets of instructions for you. For these first 6 trials (Exclusion 

trials), I want you to: “Do not use what you may have learned to get the cursor to the 

target. Instead, aim so that your hand goes straight to the target as you did during 

baseline”. For these next 6 trials (Inclusion trials): “. Use what you have learned during 

training in order to get the cursor to the target. In other words, aim so that the cursor 

would have gone straight to the target, as in the training trials you just completed”  

Block 3: Training block 

A) These are like the trials you did before. This block is again called the training block. 

There are 45 trials in this block, and it will take about 5 minutes. The target will come up. 
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Once it turns blue, reach out as quickly as possible so that the cursor lands on the target. 

So again, you will see that cursor. Reach out so that it lands on the target. 

B) You are now going to reach when you cannot see your hand – there will be no visual 

cursor on the screen. Once again just reach out to the target as you just did once it turns 

blue. However, I have two sets of instructions for you. For these first 6 trials (Exclusion 

trials), I want you to: “Do not use what you may have learned to get the cursor to the 

target. Instead, aim so that your hand goes straight to the target as you did during 

baseline”. For these next 6 trials (Inclusion trials): “. Use what you have learned during 

training in order to get the cursor to the target. In other words, aim so that the cursor 

would have gone straight to the target, as in the training trials you just completed”  

C) 5-minute break 

D) You are now going to reach when you cannot see your hand – there will be no visual 

cursor on the screen. Once again just reach out to the target as you just did once it turns 

blue. However, I have two sets of instructions for you. For these first 6 trials (Exclusion 

trials), I want you to: “Do not use what you may have learned to get the cursor to the 

target. Instead, aim so that your hand goes straight to the target as you did during 

baseline”. For these next 6 trials (Inclusion trials): “. Use what you have learned during 

training in order to get the cursor to the target. In other words, aim so that the cursor 

would have gone straight to the target, as in the training trials you just completed”  

Block 4: Last training block 

A) These are like the trials you did before. This block is the last training block. There are 45 

trials in this block, and it will take about 5 minutes. The target will come up. Once it 

turns blue, reach out as quickly as possible so that the cursor lands on the target. So 

again, you will see that cursor. Reach out so that it lands on the target. 

B) You are now going to reach when you cannot see your hand – there will be no visual 

cursor on the screen. Once again just reach out to the target as you just did once it turns 

blue. However, I have two sets of instructions for you. For these first 6 trials (Exclusion 

trials), I want you to: “Do not use what you may have learned to get the cursor to the 

target. Instead, aim so that your hand goes straight to the target as you did during 

baseline”. For these next 6 trials (Inclusion trials): “. Use what you have learned during 

training in order to get the cursor to the target. In other words, aim so that the cursor 

would have gone straight to the target, as in the training trials you just completed”  

C) 5-minute break 

D) You are now going to reach when you cannot see your hand – there will be no visual 

cursor on the screen. Once again just reach out to the target as you just did once it turns 

blue. However, I have two sets of instructions for you. For these first 6 trials (Exclusion 

trials), I want you to: “Do not use what you may have learned to get the cursor to the 

target. Instead, aim so that your hand goes straight to the target as you did during 

baseline”. For these next 6 trials (Inclusion trials): “. Use what you have learned during 

training in order to get the cursor to the target. In other words, aim so that the cursor 

would have gone straight to the target, as in the training trials you just completed”  
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VRF group 

Block 1: Introduce the baseline condition 

A) In this task, you will see a yellow target come up. Wait until it turns blue and then reach 

to it as quickly as possible with the goal of the cursor landing on the target. Once you are 

done, hold your hand still until the target disappears. After the target has disappeared, the 

robot will move your hand back to the home position (the white circle) to begin the next 

trial. Do you have any questions? Do a few practice trials – we will try a few trials now. 

There are 45 trials in this baseline block, and it will take about 6 minutes.  Are you ready 

to begin?   

B) Now – the visual display will change a bit. “You may have noticed that there are little 

numbers flanking the target. I would like you to tell me, before moving, the number that 

you think you should aim to in order to get your cursor on the target. So if you think that 

you should aim directly at the target, then please say “0”. But if you think that you should 

aim somewhere else, please tell me what that number is”. Any questions? Ready to 

begin? Tell me the number of where you should aim in order to have the cursor move 

straight to the target. The target will then turn blue and you can reach. 

C) 5-minute break 

D) Now – the visual display will change a bit. “You may have noticed that there are little 

numbers flanking the target. I would like you to tell me, before moving, the number that 

you think you should aim to in order to get your cursor on the target. So if you think that 

you should aim directly at the target, then please say “0”. But if you think that you should 

aim somewhere else, please tell me what that number is”. Any questions? Ready to 

begin? Tell me the number of where you should aim in order to have the cursor move 

straight to the target. The target will then turn blue and you can reach. After done – that 

was our baseline condition.  

Block 2: Introduce the training block 

A) This block is called the training block. There are 45 trials in this block, and it will take 

about 6 minutes. The target will come up. Once it turns blue, reach out as quickly as 

possible so that the cursor lands on the target. So again, you will see that cursor. Reach 

out so that it lands on the target. 

B) Now – the visual display will change a bit. “You may have noticed that there are little 

numbers flanking the target. I would like you to tell me, before moving, the number that 

you think you should aim to in order to get your cursor on the target. So, if you think that 

you should aim directly at the target, then please say “0”. But if you think that you should 

aim somewhere else, please tell me what that number is”. Any questions? Ready to 

begin? Tell me the number of where you should aim in order to have the cursor move 

straight to the target. The target will then turn blue and you can reach. 

C) 5-minute break 

D) Now – the visual display will change a bit. “You may have noticed that there are little 

numbers flanking the target. I would like you to tell me, before moving, the number that 

you think you should aim to in order to get your cursor on the target. So, if you think that 

you should aim directly at the target, then please say “0”. But if you think that you should 

aim somewhere else, please tell me what that number is”. Any questions? Ready to 

begin? Tell me the number of where you should aim in order to have the cursor move 

straight to the target. The target will then turn blue and you can reach. 

Block 3: Additional training block 
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A) This block is called the training block. There are 45 trials in this block, and it will take 

about 6 minutes. The target will come up. Once it turns blue, reach out as quickly as 

possible so that the cursor lands on the target. So again, you will see that cursor. Reach 

out so that it lands on the target. 

B) Now – the visual display will change a bit. “You may have noticed that there are little 

numbers flanking the target. I would like you to tell me, before moving, the number that 

you think you should aim to in order to get your cursor on the target. So, if you think that 

you should aim directly at the target, then please say “0”. But if you think that you should 

aim somewhere else, please tell me what that number is”. Any questions? Ready to 

begin? Tell me the number of where you should aim in order to have the cursor move 

straight to the target. The target will then turn blue and you can reach. 

C) 5-minute break 

D) Now – the visual display will change a bit. “You may have noticed that there are little 

numbers flanking the target. I would like you to tell me, before moving, the number that 

you think you should aim to in order to get your cursor on the target. So, if you think that 

you should aim directly at the target, then please say “0”. But if you think that you should 

aim somewhere else, please tell me what that number is”. Any questions? Ready to 

begin? Tell me the number of where you should aim in order to have the cursor move 

straight to the target. The target will then turn blue and you can reach. 

Block 4: Additional training block 

A) This block is called the training block. There are 45 trials in this block, and it will take 

about 6 minutes. The target will come up. Once it turns blue, reach out as quickly as 

possible so that the cursor lands on the target. So again, you will see that cursor. Reach 

out so that it lands on the target. 

B) Now – the visual display will change a bit. “You may have noticed that there are little 

numbers flanking the target. I would like you to tell me, before moving, the number that 

you think you should aim to in order to get your cursor on the target. So, if you think that 

you should aim directly at the target, then please say “0”. But if you think that you should 

aim somewhere else, please tell me what that number is”. Any questions? Ready to 

begin? Tell me the number of where you should aim in order to have the cursor move 

straight to the target. The target will then turn blue and you can reach. 

C) 5-minute break 

D) Now – the visual display will change a bit. “You may have noticed that there are little 

numbers flanking the target. I would like you to tell me, before moving, the number that 

you think you should aim to in order to get your cursor on the target. So, if you think that 

you should aim directly at the target, then please say “0”. But if you think that you should 

aim somewhere else, please tell me what that number is”. Any questions? Ready to 

begin? Tell me the number of where you should aim in order to have the cursor move 

straight to the target. The target will then turn blue and you can reach. 
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VRF No-Cursor Group 

Block 1: Introduce the baseline condition 

A) In this task, you will see a yellow target come up. Wait until it turns blue and then reach 

to it as quickly as possible with the goal of the cursor landing on the target. Once you are 

done, hold your hand still until the target disappears. After the target has disappeared, the 

robot will move your hand back to the home position (the white circle) to begin the next 

trial. Do you have any questions? Do a few practice trials – we will try a few trials now. 

There are 45 trials in this baseline block, and it will take about 6 minutes.  Are you ready 

to begin?   

B) Now – the visual display will change a bit. “You may have noticed that there are little 

numbers flanking the target. I would like you to tell me, before moving, the number that 

you think you should aim to in order to get your cursor on the target. So, if you think that 

you should aim directly at the target, then please say “0”. But if you think that you should 

aim somewhere else, please tell me what that number is”. Ready to begin?  Tell me the 

number of where you should aim in order to have the cursor move straight to the target. 

The target will then turn blue and you can reach out. You will not see the cursor when 

you reach. When you think you are at the target, just stop your movement. Any 

questions? 

C) 5-minute break 

D) Now – the visual display will change a bit. “You may have noticed that there are little 

numbers flanking the target. I would like you to tell me, before moving, the number that 

you think you should aim to in order to get your cursor on the target. So, if you think that 

you should aim directly at the target, then please say “0”. But if you think that you should 

aim somewhere else, please tell me what that number is”. Ready to begin?  Tell me the 

number of where you should aim in order to have the cursor move straight to the target. 

The target will then turn blue and you can reach out. You will not see the cursor when 

you reach. When you think you are at the target, just stop your movement. Any 

questions? 
Block 2: Introduce the training block 

A) This block is called the training block. There are 45 trials in this block, and it will take 

about 6 minutes. The target will come up. Once it turns blue, reach out as quickly as 

possible so that the cursor lands on the target. So again, you will see that cursor. Reach 

out so that it lands on the target. 

B) Now – the visual display will change a bit. “You may have noticed that there are little 

numbers flanking the target. I would like you to tell me, before moving, the number that 

you think you should aim to in order to get your cursor on the target. So, if you think that 

you should aim directly at the target, then please say “0”. But if you think that you should 

aim somewhere else, please tell me what that number is”. Ready to begin?  Tell me the 

number of where you should aim in order to have the cursor move straight to the target. 

The target will then turn blue and you can reach out. You will not see the cursor when 

you reach. When you think you are at the target, just stop your movement. Any 

questions? 

C) 5-minute break 

D) Now – the visual display will change a bit. “You may have noticed that there are little 

numbers flanking the target. I would like you to tell me, before moving, the number that 

you think you should aim to in order to get your cursor on the target. So, if you think that 
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you should aim directly at the target, then please say “0”. But if you think that you should 

aim somewhere else, please tell me what that number is”. Ready to begin?  Tell me the 

number of where you should aim in order to have the cursor move straight to the target. 

The target will then turn blue and you can reach out. You will not see the cursor when 

you reach. When you think you are at the target, just stop your movement. Any 

questions? 

Block 3: Training block 

A) This block is called the training block. There are 45 trials in this block, and it will take 

about 6 minutes. The target will come up. Once it turns blue, reach out as quickly as 

possible so that the cursor lands on the target. So again, you will see that cursor. Reach 

out so that it lands on the target. 

B) Now – the visual display will change a bit. “You may have noticed that there are little 

numbers flanking the target. I would like you to tell me, before moving, the number that 

you think you should aim to in order to get your cursor on the target. So, if you think that 

you should aim directly at the target, then please say “0”. But if you think that you should 

aim somewhere else, please tell me what that number is”. Ready to begin?  Tell me the 

number of where you should aim in order to have the cursor move straight to the target. 

The target will then turn blue and you can reach out. You will not see the cursor when 

you reach. When you think you are at the target, just stop your movement. Any 

questions? 

C) 5-minute break 

D) Now – the visual display will change a bit. “You may have noticed that there are little 

numbers flanking the target. I would like you to tell me, before moving, the number that 

you think you should aim to in order to get your cursor on the target. So, if you think that 

you should aim directly at the target, then please say “0”. But if you think that you should 

aim somewhere else, please tell me what that number is”. Ready to begin?  Tell me the 

number of where you should aim in order to have the cursor move straight to the target. 

The target will then turn blue and you can reach out. You will not see the cursor when 

you reach. When you think you are at the target, just stop your movement. Any 

questions? 

Block 4: Last training block 

A) This block is called the training block. There are 45 trials in this block, and it will take 

about 6 minutes. The target will come up. Once it turns blue, reach out as quickly as 

possible so that the cursor lands on the target. So again, you will see that cursor. Reach 

out so that it lands on the target. 

B) Now – the visual display will change a bit. “You may have noticed that there are little 

numbers flanking the target. I would like you to tell me, before moving, the number that 

you think you should aim to in order to get your cursor on the target. So, if you think that 

you should aim directly at the target, then please say “0”. But if you think that you should 

aim somewhere else, please tell me what that number is”. Ready to begin?  Tell me the 

number of where you should aim in order to have the cursor move straight to the target. 

The target will then turn blue and you can reach out. You will not see the cursor when 

you reach. When you think you are at the target, just stop your movement. Any 

questions? 

C) 5-minute break 
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D) Now – the visual display will change a bit. “You may have noticed that there are little 

numbers flanking the target. I would like you to tell me, before moving, the number that 

you think you should aim to in order to get your cursor on the target. So, if you think that 

you should aim directly at the target, then please say “0”. But if you think that you should 

aim somewhere else, please tell me what that number is”. Ready to begin?  Tell me the 

number of where you should aim in order to have the cursor move straight to the target. 

The target will then turn blue and you can reach out. You will not see the cursor when 

you reach. When you think you are at the target, just stop your movement. Any 

questions? 
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