
Journal of Behavioral and Brain Science, 2023, 13, 127-141 
https://www.scirp.org/journal/jbbs 

ISSN Online: 2160-5874 
ISSN Print: 2160-5866 

 

DOI: 10.4236/jbbs.2023.137009  Jul. 31, 2023 127 Journal of Behavioral and Brain Science 
 

 
 
 

Effects of Different Feedback Conditions on 
Sensorimotor Adaptation Revealed in a Mirror 
Reversal Paradigm 

Jingyue Xu1*, Chen Yang2*, Mengzhan Liufu3,4*, Shuai Chang2, Jinpeng Chen5, Feng Lu5,  
Alkis M. Hadjiosif6, Adrian M. Haith6, Xueqian Deng6# 

1Department of Cognitive Science, University of California San Diego, La Jolla, California, USA 

2School of Psychology, Center for Studies of Psychological Application, Guangdong Key Laboratory of Mental Health and  
Cognitive Science, South China Normal University, Guangzhou, China 
3The University of Chicago Neuroscience Institute, University of Chicago, Chicago, IL, USA 
4Institute of Mind and Biology, University of Chicago, Chicago, IL, USA 
5Department of Applied Mathematics and Statistics, Johns Hopkins University, Homewood Campus, Baltimore, MD, USA 
6Department of Neurology, Johns Hopkins University School of Medicine, Baltimore, MD, USA 

 
 
 

Abstract 
Humans are able to overcome sensory perturbations imposed on their 
movements through motor learning. One of the key mechanisms to accom-
plish this is sensorimotor adaptation, an implicit, error-driven learning me-
chanism. Past work on sensorimotor adaptation focused mainly on adapta-
tion to rotated visual feedback—A paradigm known as visuomotor rotation. 
Recent studies have shown that sensorimotor adaptation can also occur under 
mirror-reversed visual feedback. In visuomotor rotation, sensorimotor adap-
tation can be driven by both endpoint and online feedback [1] [2]. However, 
it’s not been clear whether both kinds of feedback can similarly drive adapta-
tion under a mirror reversed perturbation. We performed a study to establish 
what kinds of feedback can drive adaptation under mirror reversal. In the 
first two conditions, the participants were asked to ignore visual feedback. In 
the first condition, we provided mirror reversed online feedback and end-
point feedback. We reproduced previous findings showing that online feed-
back elicited adaptation under mirror reversal. In a second condition, we 
provided mirror reversed endpoint feedback. However, in the second condi-
tion, we found that endpoint feedback alone failed to elicit adaptation. In a 
third condition, we provided both types of feedback at the same time, but in a 
conflicting way: endpoint feedback was non-reversed while online feedback  
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was mirror reversed. The participants were asked to ignore online visual 
feedback and try to hit the target with help from veridical endpoint feedback. 
In the third condition, in which veridical endpoint feedback and mirror re-
versed online feedback were provided, adaptation still occurred. Our results 
showed that endpoint feedback did not elicit adaptation under mirror rever-
sal but online feedback did. This dissociation between effects of endpoint 
feedback and online feedback on adaptation under mirror reversal suggests 
that adaptation under these different kinds of feedback might in fact operate 
via distinct mechanisms.  
 

Keywords 
Endpoint Feedback, Online Feedback, Motor Learning, Implicit Adaptation, 
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1. Introduction 

In everyday life, we face constantly changing external and internal conditions 
affecting our movements, and motor learning is essential for maintaining per-
formance in this dynamic environment [3]. Sensorimotor adaptation is known 
as one of the key mechanisms of motor learning [2], usually studied by examin-
ing how performance is regained under an imposed perturbation. Behaviorally 
defined, sensorimotor adaptation has the following characteristics. First, partic-
ipants do not seem to counter the perturbation in a single trial; rather, they en-
gage in a gradual learning process [4] [5]. Second, implicit sensorimotor adapta-
tion tends to saturate [6] [7] [8]. Third, participants always show an aftereffect 
when the perturbation is removed [9] [10] [11]. Finally, implicit sensorimotor 
adaptation seems to be parallel with explicit cognitive strategies [1] [12] [13] 
[14]. 

Adaptation has mostly been investigated with the visuomotor rotation para-
digm. In visuomotor rotation, the participant typically makes reaching move-
ments without direct knowledge of his hand position and instead observes a 
cursor that is initially veridical to the hand position but is later rotated by 30˚ 
relative to the true hand position [2]. Past studies have shown that both online 
feedback and visual feedback can drive sensorimotor adaptation [15] [16]. Also, 
online feedback seems to have a larger contribution in sensorimotor adaptation 
in comparison to endpoint feedback [1] [17]. It remains unclear, however, 
whether these different forms of feedback lead to stronger or weaker versions of 
the same learning, or whether they act through qualitatively different mechan-
isms. 

A potential way to dissociate the different effects from endpoint and online 
feedback is by imposing a more extreme perturbation: mirror reversal [18] [19]. 
Under mirror reversal, the visual feedback is mirror reversed rather than rotated. 
Hadjiosif and colleagues have utilized mirror reversal to dissociate different 
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learning architectures [20]. Given the more drastic nature of the mirror reversal 
perturbation, we speculated that this paradigm might allow us to dissociate the 
effects of online and endpoint feedback on motor adaptation [12] [20] [21]. We 
performed an experiment to test this conjecture which examined three condi-
tions. In the first condition, we provided online feedback and endpoint feedback 
under mirror reversal as participants generated upward or downward reaching 
movements. We replicated results by Hadjiosif et al., showing that this kind of 
feedback led to implicit adaptation that amplified errors [20]. In the second con-
dition, we provided only mirror reversed endpoint feedback and no online feed-
back. We found that providing endpoint feedback alone did not elicit adapta-
tion. We considered the possibility that participants might have been insensitive 
to endpoint feedback because they discounted unnaturally large errors in this 
case. In a third condition, therefore, we provided veridical endpoint feedback, 
while still providing mirror reversed online feedback. In this case, adaptation 
still occurred, driven by the mirror-reversed online feedback, despite the availa-
bility of veridical endpoint feedback. These results reveal a dissociation between 
effects of endpoint feedback and online feedback on sensorimotor adaptation 
using mirror reversal paradigm.  

2. Methods 
2.1. Participants 

There were 24 right-handed participants (7 males and 17 females between age 18 
- 23) in total recruited from South China Normal University split into three 
groups of 8 participants (one for each experiment condition). The study was 
conducted following the ethical standards laid down in the 1964 Declaration of 
Helsinki. The study was approved by the Institutional Review Board of South 
China Normal University. All participants gave informed consent to participate 
in the study before the start of their experimental session. Recruitment of par-
ticipants took place from June to October in 2021. No personal identifiers were 
maintained for the study.  

2.2. Apparatus 

The participants sat on a chair and held a handle moving on a touch screen 
(Figure 1(a)). The apparatus consisted of an aluminum frame supporting an 
LCD monitor at the top and a touch screen (Dell P2418HT) at the bottom, with 
a mirror held in the middle to reflect the top monitor (Figure 1(b)). The dis-
tance between the mirror and both the monitor and the touch screen was 250 
mm so that the image of the monitor appeared in the same plane as the touch-
screen. Participants reached towards targets (diameter: 8 mm) that appeared 
randomly on one of two 30˚ fan-shaped areas (diameter: 220 mm). The genera-
tion of targets was pseudo-random and all participants shared the same pseu-
do-random sequence. The two areas where targets could appear were symme-
trical both horizontally and vertically, with an angular range of 30˚ (Figure 2). 
Below the mirror, the participants used their right hand to grasp a handle and to  
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Figure 1. Experiment apparatus. (a) Photo, (b) Illustration. The participants sat on a 
chair and held a handle with their right hand, which was in the shape of bottle with a sty-
lus contacting a touch screen attached to the handle’s bottom center. The targets (diame-
ter: 8 mm) were presented on the mirror with the help of a monitor located above the 
mirror. Two identical fan-shape regions (diameter: 220 mm) were displayed, one upward 
and one downward from the start position. Below the mirror, the participants completed 
center-out movement on the touch screen while grasping the handle. The distance be-
tween the mirror and both the monitor and the touch screen was 250 mm. 
 
complete center-out movements on the touch screen. The hand’s trajectory was 
recorded at 80 Hz. The program was coded in MATLABR2021a (The MathWorks, 
Natick, Massachusetts), using Psychtoolbox, and run on an HP Z2 Tower G5 
Workstation. 

2.3. General Procedure 

There were 3 different conditions in the study. Each condition consisted of 7 
blocks. Each block included 30 trials. No break was given between blocks. The 
first 3 blocks were baseline blocks and the following 4 blocks were perturbation 
blocks. In the third baseline block, no visual feedback was provided at all in or-
der to test the stability of the participant’s behavior. The first condition provided 
participants with online and endpoint mirror-reversed feedback in order to rep-
licate the findings in Hadjiosif et al. (2021)—that sensorimotor adaptation would 
lead to error amplification in shooting movements under mirror reversal [20]. 
The second condition provided no online feedback but instead provided mir-
ror-reversed endpoint feedback. The third condition provided mirror-reversed 
online feedback but veridical endpoint feedback. In the first two conditions, the 
participants were asked to ignore visual feedback. In the third condition, the par-
ticipants were asked to ignore online visual feedback and try to hit the target with 
help from endpoint feedback. Each condition had 8 participants and no partici-
pants completed more than one condition.  

2.4. Condition 1 

In each trial, the participant was first required to reach to the starting position 
(diameter: 8 mm) centered on the touch screen. A “Beep” sound (0.6 second) 
was played when the participant’s handle touched the starting position on the  
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Figure 2. Task design and experimental conditions. (a) Baseline (common for all condi-
tions): Two fan-shape regions were visible at all times. First, the target (represented as red 
circle) was presented and the participant was asked to make straight shooting movement 
of the hand towards the target (represented by the thin dashed line). The hand was not 
directly visible by the participant. The thick dashed line shows the cursor trajectory that 
would be visible to the participant. After the participant reached across the end of the 
fan-shaped region, the cursor froze in place at the point where the cursor crossed the arc 
(represented as the blue circle). This was shown to indicate the veridical position of the 
movement across the arc. (b) Condition 1: Trials followed same procedure as in baseline, 
but the online cursor feedback (dashed line) and frozen endpoint (blue circle) were mir-
ror reversed relative to the true hand position (dashed line) across the mid-line of the 
fan-shaped region (indicated by the vertical black dashed line). (c) Condition 2: Trials 
followed the same procedure as in Condition 1, except that no online cursor was dis-
played during movement. Only the frozen endpoint was visible. (d) Condition 3. Trials 
followed the same procedure as in Conditions 1 & 2, except that participants viewed mir-
ror-reversed online feedback and veridical frozen endpoint feedback (i.e. the endpoint 
feedback indicated the veridical position where the hand cross the target arc). Through-
out Condition 3, participants were instructed to make shooting movement to bring the 
hand towards the target, while ignoring the mirror-reversed online cursor. 
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screen. After the “Beep” sound ended, two 30˚ fan-shaped regions would appear 
together with a target positioned along the ending arc of one of them. The target 
could appear either on the top arc or the bottom arc, randomized across trials. 
An online cursor (diameter: 8 mm) was shown on the mirror to represent the 
veridical position of the handle held by the participant. Then, a “Beep” sound 
(0.6 seconds) was played to prompt the participant to make a straight shoot-
ing movement to bring the participant’s hand through the target. When the 
cursor reached beyond the end of fan-shaped region, another “Beep” sound (0.6 
second) was played to indicate the end of reaching. At the same time, the online 
cursor froze at the location where the cursor’s trajectory intersected the arc, giv-
ing the participant endpoint feedback about their performance (Figure 2(a)). 
The same procedure was identical for baseline and perturbation blocks, except 
that the online cursor and endpoint feedback were both mirror-reversed across 
the mid-line of the fan (Figure 2(b)). Participants were instructed to ignore vis-
ual feedback. The next trial began when the participant returned to the original 
position, which indicated their readiness to the experimenter to start the next 
trial. 

2.5. Condition 2 

The Condition 2 followed the same procedure as in Condition 1. The only differ-
ence between Condition 1 and Condition 2 was that no online cursor feedback was 
provided, but endpoint feedback was provided. As in Condition 1, baseline blocks 
were non-reversed (Figure 2(a)). In perturbation blocks, the endpoint feedback 
was mirror reversed (Figure 2(c)). 

2.6. Condition 3 

In baseline trials of Condition 3, the participant was asked to return to starting 
position at the beginning. In baseline trials, veridical online cursor feedback and 
endpoint feedback were both provided (Figure 2(a)). However, during the per-
turbation blocks of Condition 3, the online cursor feedback was mirror reversed 
while the endpoint feedback remained veridical. Participants were told to ignore 
the online cursor feedback and were instructed to bring their hand to the target 
with the help from veridical endpoint feedback (Figure 2(d)).  

2.7. Data Analysis 

Analysis was performed using MATLAB (MathWorks). The experimental pro-
gram was written using Psychtoolbox in MATLABR2021a running on the touch 
screen Dell P2418HT. The handle gave the touch screen the raw position and the 
data was saved by Psychtoolbox into a MATLAB file format. The analysis code 
was written in MATLAB. The reach direction on each trial was taken as the an-
gle at which the handle trajectory intersected the arc. No participants were ex-
cluded. For analysis, we selected the first two baseline blocks as baseline data 
group, and we selected the last two blocks of perturbation blocks as perturbation 
data group (Figure 3 grey-shaded areas). 
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Figure 3. Experimental Results: (a), (d), (g), Directional errors for all participants, computed as the reaching angle minus the tar-
get angle; every single data point is plotted for each condition; vertical dashed lines indicate the start of the perturbation blocks. 
(b), (e), (h), Absolute errors for each condition. The thick lines show average absolute errors across participants in the condition. 
The green, blue, and red shaded areas describe the standard deviation of absolute errors in reaching across participants. Vertical 
dashed lines indicate the start of the perturbation blocks. (c), (f), (g), Average absolute errors across participants in three condi-
tions in the first two baseline blocks and the last two perturbation blocks. Data are mean ± SEM, ****statistically significant (p ≤ 
0.0001); ns, not significant. 

3. Results 

Our experiment included three different feedback conditions. In Condition 1, 
the participants were provided online feedback during movement, as well as 
endpoint feedback after the movement via the cursor freezing in place as it crossed 
the target line. In Condition 2, only the endpoint feedback was given, with no on-
line feedback. The participants were instructed to ignore visual feedback and 
bring their hands to the targets. In Condition 3, both the endpoint feedback and 
the online feedback were given, but they were in conflict as the endpoint feed-
back remained veridical while the online feedback was mirror reversed. The par-
ticipants were instructed to ignore the online cursor and bring their hand to the 
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target with the help from veridical endpoint feedback. 
In Condition 1, we provided participants with online feedback during reach-

ing movements, with an endpoint freeze at the end (Figure 2(a) and Figure 
2(b)). Figure 3(a) shows directional errors from all participants (in total 8 × 210 
data points were plotted in Figure 3(a)). During baseline, directional errors re-
mained in a narrow range (around −5˚ to +5˚; Figure 3(a), before the dashed 
line). Directional errors steeply increased once the mirror reversal was imposed, 
spreading from −40˚ to +40˚ (Figure 3(a), after the dashed line). This error am-
plification recapitulated previous observations [20]. To quantify this effect, we 
calculated the average absolute error across participants in every trial (Figure 
3(b)). We compared the absolute errors from first two baseline blocks and last 
two perturbation blocks (grey-shaded areas in Figure 3(b)). The data were 
grouped over all trials for each participant. The average absolute error across 
participants in baseline blocks was 2.12˚ ± 0.86˚, while the average absolute error 
across participants in perturbation blocks was 14.85˚ ± 5.79˚ (Figure 3(c)). This 
difference was highly significant (one way ANOVA: F(1,8) = 33.16, p = 9.04 × 
10−5). Importantly, the increased variability in Figure 3(a) was not simply due to 
individual participants becoming more variable. Most of the increased variability 
was attributable to a difference in mean (signed) error across participants. The 
standard deviation in mean reach direction across participants increased from 
0.53˚ during baseline blocks to 6.18˚ in the last two perturbation blocks. This 
result showed that mirror reversal perturbation did elicit error amplification 
when online feedback and endpoint feedback were given, reproducing the results 
of Hadjiosif and colleagues [20]. 

In Condition 2, endpoint cursor feedback was provided, but no online cursor 
feedback. As in Condition 1, the participants were instructed to ignore the visual 
feedback. In this case, we did not observe error amplification under mirror re-
versal. As can be seen in Figure 3(d), the directional errors of all participants 
were in the range of −10˚ to +10˚ throughout all trials in baseline blocks (trials 
before the dashed line in Figure 3(d)). This trend was maintained in the pertur-
bation blocks in which a mirror reversal was imposed (trials after the dashed line 
in Figure 3(d)). This contrasted the large error increases observed in Condition 
1. We then computed the absolute values of directional errors for all partici-
pants. We calculated the average absolute error across participants, indicated by 
the thick green line in Figure 3(e). As can be seen, the absolute error maintained 
a consistent level throughout both baseline and perturbation trials. To quantify 
the effect of mirror reversal in this condition, we compared the absolute errors 
between the first two baseline blocks and the last two perturbation blocks (indi-
cated by two grey-shaded areas in Figure 3(e)). The average absolute error in 
the baseline blocks across all participants was 4.01˚ ± 0.78˚ (Figure 3(f)). The 
slightly worse performance during baseline blocks compared to Condition 1 was 
likely attributable to the fact that online correction was possible when online 
feedback was available [22]. The average absolute error in the perturbation 
blocks across all participants was 3.27˚ ± 0.58˚ (Figure 3(f)), which was not sig-
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nificantly different from the baseline condition (one way ANOVA: F(1,8) = 3.57, 
p = 0.0833). The results from Condition 2 therefore showed that mirror reversal 
under endpoint feedback did not elicit sensorimotor adaptation, which would 
have been evidenced by error amplification over time [20]. To establish that the 
behavior was different between Condition 1 and Condition 2, we further per-
formed two way ANOVA: there was an effect between baseline versus perturba-
tion blocks (F(1,8) = 28.98, p << 10−5), and an effect between Condition 1 and 
Condition 2 (F(1,8) = 19.35, p = 0.002). Critically, there was a significant inte-
raction effect (F(1,8) = 35.83, p << 10−5), confirming that the extent of implicit 
adaptation was greater in Condition 1 than Condition 2. 

The results of Conditions 1 and 2 show that implicit adaptation to a mirror 
reversal occurred when participants were provided both online and endpoint 
feedback, but not when they were provided only endpoint feedback. However, 
it’s unclear why endpoint error alone failed to elicit adaptation. One possibility is 
that participants were less confident in endpoint feedback that represented a 
large error [23]. It could also be that effects of online feedback and endpoint 
feedback are qualitatively different, but only become dissociable under mirror 
reversal. In order to more clearly dissociate the effects from online and endpoint 
feedback, we designed Condition 3, in which participants received conflicting 
online and endpoint feedback. In this condition, both endpoint feedback and 
online feedback remained veridical in baseline blocks. However, in perturbation 
blocks, online feedback was mirror-reversed while endpoint feedback remained 
veridical. The participants were asked to ignore the online cursor and bring their 
hands towards the targets with the help from veridical endpoint feedback. Con-
dition 3 provided a stronger test of the implicit component of learning, since the 
endpoint error gives a very clear way to perform the task explicitly. In baseline 
blocks in Condition 3, the directional errors of the participants remained around 
−5˚ to +5˚ (Figure 3(g), before dashed line). However, imposing a mirror re-
versal perturbation on online feedback, but not endpoint feedback, during per-
turbation blocks led to error amplification. Participants’ directional errors be-
came larger and larger (Figure 3(g), after dashed line). The same trend was seen 
when we calculated average absolute errors across participants for each trial 
(Figure 3(h)). The average absolute error in baseline blocks was 2.02˚ ± 0.17˚, 
and the average absolute error for perturbation blocks was 6.57˚ ± 2.36˚. Like 
for previous conditions, we compared the absolute errors of the first two base-
line blocks and the last two perturbation blocks, which showed a significant 
difference (one-way ANOVA, F(1,8) = 57.20, p = 6.64 × 10−6). Therefore, when 
participants were provided with mirror-reversed online feedback, but veridical 
endpoint feedback, they still exhibited strong error amplification, indicative of 
sensorimotor adaptation. Further, we performed two-way ANOVA to compare 
performance between Condition 3, with conflicting endpoint and online feed-
back, and Condition 1, with congruent (but mirror-reversed) endpoint and 
online feedback: there was a significant main effect of baseline versus pertur-
bation blocks (F(1,8) = 30.7, p << 10−5), and there was also an effect of condi-
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tion (F(1,8) = 4.46, p = 0.0452). Critically, there was significant interaction 
(F(1,8) = 55.78, p << 10−5), indicating that the extent of adaptation was signifi-
cantly greater in Condition 1 than Condition 3. Thus, we could say that provid-
ing veridical endpoint feedback still had a modulating effect on implicit adapta-
tion to online feedback. We confirmed that the variability in Figure 3(g) was 
primarily due to variability in mean behavior across participants rather than 
within participants: for baseline blocks, the standard deviation in mean direc-
tional error across participants was 0.68˚; for perturbation blocks, it was 2.95˚. 
These data strongly suggest that online feedback and not endpoint feedback 
caused sensorimotor adaptation under mirror reversal. Collectively, the results 
from all three conditions show conclusively that online feedback but not end-
point feedback, led to error amplification of sensorimotor adaptation under 
mirror reversal.  

4. Discussion 

Previous studies have argued that online and endpoint feedback might be quali-
tatively different [16] [24]. The effects of different feedback conditions on senso-
rimotor adaptation have been hard to distinguish and investigate since, under 
the classical visuomotor rotation paradigm, both endpoint feedback and online 
feedback could lead to similar adaptive changes. We speculated that the mirror 
reversal paradigm might provide a way to dissociate effects of endpoint and on-
line feedback in sensorimotor adaptation. We first examined the effects of end-
point feedback and online feedback together. Our first experiment showed that 
providing both online and endpoint feedback elicits error amplification, a sig-
nature of sensorimotor adaptation under mirror reversal consistent with pre-
vious studies [18] [19] [20]. Our second experiment showed that removing on-
line feedback and providing only endpoint feedback led to no error amplifica-
tion. We further designed a conflict condition in which endpoint feedback re-
mained veridical but online feedback was mirror reversed to further dissociate 
the two different feedback effects and found that sensorimotor adaptation still 
occurred, albeit to a lesser extent than when endpoint and online feedback were 
congruent. These results illustrate a powerful dissociation between online and 
endpoint feedback: the former, but not the latter, elicits sensorimotor adapta-
tion.  

Past experiments in visuomotor rotation have shown that endpoint feedback 
and online feedback could both contribute to sensorimotor adaptation; however, 
past results also have suggested that online feedback and endpoint feedback 
perhaps contribute to adaptation through distinct parallel processes [16]. Their 
participants received either online visual feedback, with verbal instructions to cor-
rect or not to correct online errors, or only visual feedback provided as a static 
hand-path at the end of each trial in visuomotor rotation. They showed that online 
error corrections were inconsequential to the adaptation process. The endpoint 
group showed smaller reductions in mean error with practice, but had increased 
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variability, and generalized less across target distances and workspace. Our ex-
periments under mirror reversal support this conjecture. Another pair of parallel 
processes that is known for sensorimotor adaptation is learning from sensory 
prediction error and learning from task error [25] [26]. Sensory prediction error 
(SPE) refers to the signal that designates the difference between predicted sen-
sory feedback and actual sensory feedback, and this signal updates the internal 
model for sensorimotor control and thus contributes to adaptation [27]. Task 
error (TE) refers to the signal reflecting the overall task performance, whether or 
not the task goal has been achieved, i.e. hitting the target in visuomotor rotation 
and mirror reversal [28]. Leow and colleagues report that task errors enhance 
sensorimotor adaptation [28]. Recently, Tsay and colleagues have used a clamped 
visual feedback paradigm, in conjunction with target jumps to demonstrate that 
both sensory prediction error and task error contribute to sensorimotor adapta-
tion. However, with task error only, sensorimotor adaptation did not happen. 
When the size of sensory prediction error was fixed, task error seemed to mod-
ulate the extent of sensorimotor adaptation. In short, task error has a modulat-
ing effect on sensorimotor adaptation when sensory prediction error is present 
[26]. We observed sensorimotor adaptation under mirror reversal only when 
online feedback was provided. We did not observe sensorimotor adaptation in 
the endpoint feedback condition, but we did find that providing incongruent 
endpoint feedback attenuated the extent of adaptation driven by online feed-
back. It remains a puzzle if there is a relationship, or only an analogy, between 
endpoint versus online feedback and sensory prediction error versus task error. 
While endpoint feedback could contribute to sensorimotor adaptation in the 
forms of both sensory prediction error and task error, online feedback intuitively 
should contribute mostly in the form of sensory prediction error. Whether and 
how these different feedback modalities interact is an interesting topic for future 
investigation [29].  

It has also been established that there exists an explicit process and an implicit 
process for sensorimotor learning [30]. Mazzoni and Krakauer have shown that 
the explicit and implicit processes could be dissociated by instructing the partic-
ipants explicitly and asking them to follow an explicit strategy. Meanwhile, their 
implicit process would still adapt and thus lead to deterioration of performances 
in general [12]. Taylor and colleagues further examined the effects of implicit 
and explicit processes by asking the participants explicitly reporting their aiming 
positions [1]. There were pronounced differences between the time courses of 
explicit and implicit processes, making them clearly distinguishable. They dem-
onstrated that the explicit process was mainly driven by task error while implicit 
process by sensory prediction error. In addition, they compared endpoint feed-
back and online feedback conditions in their experiments. Their prediction was 
that online feedback would favor forward-model-based learning that was based 
on sensory prediction error whereas endpoint feedback would favor learning 
toward explicit learning that was based on task error. This hypothesis was based 
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on the assumption that endpoint feedback was more associated with task error 
while online feedback was more associated with sensory prediction error. 
However, they did not find any differences between the two feedback condi-
tions in either explicit or implicit processes. This result suggested that the as-
sociation of task error with explicit learning with endpoint feedback on the 
one hand, and the association of sensory prediction error with implicit learning 
with online feedback on the other hand, might not be right. This question re-
mains not investigated to now and our work may have shed light on a possible 
approach. While ways to distinguish explicit-implicit and SPE-TE have been 
successfully demonstrated in previous experiments, our study has shown a 
possible approach to dissociate endpoint feedback and online feedback. Nev-
ertheless, it has been shown that both task error and sensory prediction error 
have more intricate relations with implicit and explicit processes [28]. Taken 
together, it’s often hard to discern people’s internal objectives during adapta-
tion, and it’s hard to know whether seemingly implicit learning is truly impli-
cit [31]. Thus, the conflict approach in general is a promising way to get 
around these issues, since participants can more obviously follow the instruction 
to make sure the endpoint hits the target, than they can focus on bringing their 
hand to the target.  

One major concern has been raised is that the current study produced contra-
dictory results to a previous study in endpoint feedback under mirror reversal 
condition [32]. In the previous study, researchers showed that endpoint feed-
back was able to elicit sensorimotor adaptation under mirror reversal. However, 
the effect was not observed in our experiments. We suggest several possibilities 
here for the discrepancy and present future research concerns. First, in the pre-
vious study, the noise in participants planar reaching behavior is comparably 
smaller to that in our results. The larger noise in our study could be originated 
from the inherent friction of our apparatus. In the previous study, the partici-
pants held a digital pen to perform reaching movements on a tablet. In our 
study, we made a handle for the participants to grasp and the platform was a 
touch screen rather than a tablet. Given different settings, it was highly possible 
that our equipment would produce a larger friction. However, the effect of fric-
tion and drag in reaching has been rarely studied. One future research direction 
would be to conduct experiments with friction and friction-less conditions. 
Second, the reaching distance in the previous study was 7 centimeters. In our 
study, the reaching distance was 22 centimeters. Our participants performed 
much larger reaching movements compared to the participants in the previous 
study. One possibility would be that larger movements would lead to larger noise 
and thus effects from endpoint feedback became indistinguishable in our study. 
In this regard, future research should look into varied degrees of distances in 
reaching. Lastly, the results in our third condition did show that endpoint feed-
back has a modulating effect over online feedback. In this regard, our results 
agreed with the previous study that endpoint feedback was effective under mir-
ror reversal. 
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5. Conclusion 

Our study showed a clear dichotomy whereby endpoint feedback alone did not 
elicit adaptation under mirror reversal, but online feedback did. Our experi-
ments recapitulated recent findings on sensorimotor adaptation under mirror re-
versal and highlighted the role of feedback type when investigating sensorimotor 
adaptation. Future research is needed to clarify remaining questions about the re-
lationship behind the dichotomy we uncover here regarding the role of endpoint 
vs. online feedback, and other dichotomies regarding the role of sensory predic-
tion error vs. task error, and implicit vs. explicit motor learning. 
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