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Humans can adapt their movements based on binary reward feedback about success and failure. To 
engage in such ‘reward-based’ motor learning, the learner must encounter at least some failures, 
but it is unclear what percentage of failures is optimal. For learning, we hypothesize that a success 
percentage of 50% is optimal, as it provides the most information. For motivation, in contrast, 
we hypothesize that a success percentage of 80% is optimal, since too many failures can reduce 
motivation. In this study, we simultaneously test the hypotheses on learning and motivation in 
participants of a wide age range (7 to 58 years) who performed a brief circle-drawing task. The 
participant’s goal in this task was to double the size of the baseline circles drawn with the unseen hand. 
We assigned participants to a reward scheme that targets either 50% success (moderate success group) 
or 80% success (high success group). In line with our hypothesis on learning, the results show more 
motor learning in the moderate success group compared to the high success group. In contrast to our 
hypothesis on motivation, motivation was not higher in the high success group.
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Skilled painters can instantly paint an eye, with a size appropriate for the human face. Novices will need some 
practice before they can do this. Two forms of feedback provide information for learning the right size: the 
success feedback of hitting the right size (reward feedback1–3, and the spatial deviation from the planned size 
(the ‘prediction error’1,4. Although it was first proposed that the reward feedback is only used in the absence 
of prediction errors1, later work showed that these types of feedback jointly contribute to learning5–8. While 
the prediction errors are difficult to manipulate, a teacher can easily provide reward feedback using their own 
criterion for success. In this study, we focus on the ‘reward-based’ motor learning that follows from this reward 
feedback.

Reward-based motor learning is commonly studied by measuring an increase in performance in a goal-
directed task. For instance, reaching a target1,2,9, moving with the right pressure10, or reaching with the right 
curvature and direction11,12. Early work suggested that this short-term learning is very well retained1 but 
retention of reward-based learning hasn’t been extensively studied and short-term increases in performance 
might be dissociated from long-term learning13. We refer to the short-term increases in performance as ‘learning.’

Reward-based’ motor learning ability increases little after age 714,15 and relies on repeating successful 
movements and exploring following failure by varying the movement plan1. As successes are needed to engage in 
learning, it is common practice for teachers to adapt the reward criterion to a learner’s performance, to gradually 
shape their performance towards the task goal. For instance, a novice painter might receive a more lenient 
criterion compared to an expert. In doing so, they manipulate not only the success probability but also redefine 
the task goal or reduce the informativeness of the reward about proximity to the original task goal. Hence, the 
question of which success percentage one should target is not easily answered. Moreover, the answer might 
depend on whether one focuses on learning or motivation16.

To engage participants in reward-based learning, a reward criterion should aim for a balance between 
success and failure. First, failures are needed to evoke exploration, which pushes movement variability beyond 
the boundaries of motor noise3,17,18. This allows participants to find the movements that result in reward, even 
when the rewarded movement is beyond the range of current performance. Second, the success feedback should 
be informative about the proximity to the target performance, helping to direct behavior towards the task goal. 
To strike a balance between success and failure, many studies have used a reward criterion that is adapted to the 
participant’s performance to ensure a success percentage of about 50%2,7,18–21. In perceptual learning, an optimal 
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success rate of 85% has been proposed22. To our knowledge, no studies have compared reward-based motor 
learning between conditions using reward criteria that target different success percentages.

While failures are needed to evoke exploration, they also influence motivation, which depends on the 
probability of and value of success23,24. Failures reduce the probability of success but can also enhance the value 
of success23. Hence, some failures should be allowed, but not too many. In educational25 and sports coaching 
literature26 an 80% success principle has been suggested. Experimental research supports the 80% success 
principle. In both an interception and a pointing task, an 80% success percentage compared to a 30% success 
percentage resulted in higher self-reported enjoyment for a computer task7,27. Furthermore, for the self-reported 
motivation in an online game, we found a curvilinear relationship with the success percentage, which peaked 
at 80% success, although the play duration peaked at a lower success percentage of about 63%28. Finally, older 
adults performed more repetitions of a stepping game when the success percentage was 80% compared to when 
it was 100%29.

When choosing a success percentage, the choice might thus depend on whether the goal is to learn or to 
motivate: when the goal is to learn, one should use a lower success percentage compared to when the goal is 
to motivate16. In this study, we test the influence of success percentage on learning and motivation in a circle-
drawing task15 in which participants learnt to double the size of a circle they drew based on binary reward 
feedback. Participants were assigned to either a ‘moderate success’ group, which performs the task with a reward 
criterion that targets 50% success, or to a ‘high success group’, which performs the task with a reward criterion 
that targets 80% success. We hypothesize that the moderate success group shows the most motor learning, while 
the high success group shows the most motivation.

Methods
Participants
Participants were visitors of the NEMO science museum who were at least seven years old and reported no 
injury to the dominant hand. These participants were assigned to either the moderate (N = 134) or the high 
success group (N = 133). Of the 134 participants in the moderate success group, 102 participants were measured 
in the winter of 2023 for previous study15. The remaining 32 participants were measured in the summer of 
2024. All 133 participants in the high success group were measured in the current study. Participants who 
spoke Dutch were tested in Dutch, whereas other participants were tested in English. In each success group, one 
participant was excluded for not finishing the experiment. Four participants in the moderate success group and 
two participants in the high success group were excluded because they did not draw circles, according to our 
criteria (see data analysis section). Demographics of the included participants are reported in Table 1.

All methods were carried out in accordance with the Declaration of Helsinki, and all experimental protocols 
(VCWE-2023-100-R2) were approved by the local ethical committee of the Faculty of Behavioural and Movement 
Sciences, Vaste Commissie Wetenschap en Ethiek. Written informed consent was obtained from all subjects and/
or their legal guardian.

Task
Motor learning was assessed in a circle-drawing task, which participants performed with an Intuos Medium 
Wacom drawing tablet and a laptop (Fig. 1a). The participants were seated behind a table and performed a task 
in which they were instructed to provide a bear named ‘Ollie’ with a nose by drawing a circle of the right size on 
the Wacom tablet. To remove visual guidance, such that learning relied on post-movement reward feedback, the 
hand was hidden behind a curtain. The size ( S) of the drawn circle at a trial i was approximated by calculating 
the radius as the mean distance ( r) of a spatially resampled trajectory to the trajectory’s center (Fig. 1b). To 
stimulate exploration, we did not inform participants about the target size ( T ) which we set to double the 
baseline size which was the average drawn size on the first five trials:

	 Sbaseline =
−
S(1:5)

For the first five trials (baseline), we used an arbitrarily chosen target size of 4.3 centimeters (Fig. 1b).
A trial started with a display of the bear Ollie, with eyes open and without a nose. Once the participant placed 

the Wacom pen on the tablet, Ollie closed their eyes, and the drawing movement was recorded. The end of the 
drawing movement was detected once the participant lifted the pen for longer than 500 milliseconds, and at least 
ten samples of pen position had been recorded. After the drawing movement ended, Ollie opened their eyes and 
provided reward feedback by showing a happy or sad mouth (Fig. 1a) and playing a ‘bing’ or buzzer sound for 
500 ms. After that, the trial ended, and the next trial started.

The reward feedback depended on the success group and was based on the magnitude of the ratio error ( et) 
between the size of the drawn circle (S) and a target size ( T ). We calculated ( et) as follows:

Group Age-range (years)

Gender Handedness
Preferred 
language

Female Male Not specified Left Right Not specified Dutch English

Moderate success 7–54 64 58 8 14 97 19 67 63

High success 7–58 64 57 10 18 108 5 72 59

Table 1.  Participant demographics.
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This way, the ratio error is positive when the drawn size is either too small or too large, and zero when the drawn 
size is equal to the target size.

To create two success groups, we set two different reward criteria (Fig. 1c). For both groups this criterium 
was based on the ratio error at trial t compared to the distribution of the ratio errors from the previous ten trials 
(for the first ten trials, we used the distribution of all earlier trials). For the moderate success group, the reward 
criterion was the median of this distribution. For the high success group, the reward criterion was 80th percentile 
of this distribution. Ratio errors smaller than the reward criterion were defined as success. Theoretically, this 
would result in a success percentage of 50% for the moderate and a success percentage of 80% for the high 
success group. Exact success percentages would depend on the distribution of the errors.

Procedure
Participants drew 80 circles and were then instructed to call the experimenter, who initiated a ‘free phase’ to 
assess the participant’s motivation to continue the task. The experimenter indicated that they had to complete 
some forms and left the participant the option to either wait or continue the task. If the participant chose to 
continue, they could draw 20 more circles, after which the task ended automatically. We designed this phase 
to measure motivation, based on the rationale that the decision to continue the task instead of waiting for the 

Fig. 1.  Methods. (a) Experimental set-up with drawing tablet, laptop, and reward feedback. The histogram 
shows the age distribution of the participant sample in the two reward groups. (b) Circle size was calculated 
as the average distance from points on a resampled trajectory (blue dots) to the center. The target size (red 
line) was double the average circle size in the first five trials (dotted red line). (c) Examples of the trial-to-
trial development of the reward criterion for a participant in the moderate (left panel) and high (right panel) 
success group. We indicate on the horizontal axis the blocks of five trials that we use in our analysis. The 
reward criterion (shaded area) was continuously adapted based on the participant’s performance (black dots).
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experimenter would imply motivation for the task. The experimenter’s behavior was controlled with a protocol 
that indicated the instructions to the participant. In practice, the experimenters reported that the protocol left 
too much freedom to execute this phase consistently. Subsequently, the participant completed a motivation 
questionnaire, which measured motivation to play the game again and included a modified, shortened version 
of the Intrinsic Motivation Inventory30 that we also used in a previous study7, using items from the Interest / 
Enjoyment, Perceived Competence, Effort, and Pressure / Tension scales. We included these subscales because 
the experienced success percentage might differentially affect perceived competence and experienced pressure 
and the resulting enjoyment and effort. The subscales were reduced to one item to accommodate the time 
constraints involved in running the study in the museum. The following items were answered on a five-point 
Likert scale either in English or in Dutch:

	1.	 I would like to play this game again / Ik wil dit spel nog een keer spelen (motivation to continue).
	2.	 I enjoyed playing this game / Ik vond het leuk om dit spel te spelen (enjoyment).
	3.	 I was good at this game / Ik was goed in dit spel (perceived competence).
	4.	 I tried my best to score as many points as possible / Ik deed mijn best om zoveel mogelijk punten te scoren 

(effort).
	5.	 I felt nervous while I was playing this game / Ik voelde me nerveus terwijl ik het spel speelde (pressure/ten-

sion).

In this questionnaire, we also collected data on handedness, age in years, and gender. The preferred language was 
inferred from the questionnaire used (either a Dutch or English version).

Data analysis
Data analysis has been pre-registered: https://aspredicted.org/qfxm-s32p.pdf.

We deviated from the pre-registration in three ways:

	1.	 We used a block size of 5 trials instead of a block size of 10 trials to study learning because this better suits 
the experimental design;

	2.	 The multilevel regression used a logarithmic relationship between learning and block number instead of a 
linear relationship because learning cannot increase infinitely;

	3.	 We added an analysis in which we compared the increase in variability following failure between groups 
using a Mann-Whitney U rank-sum test to better understand differences in learning.

We excluded the data from participants who did not finish the entire experiment or who did not draw acceptable 
circles. A perfect circle has an aspect ratio of 1, meaning that two perpendicular intersections through that circle 
have equal length, and has zero distance between its start and endpoint. Our definition of an acceptable circle is 
very lenient and is classified using two criteria. One, the aspect ratio (the largest ratio between two perpendicular 
intersections of the drawn trajectory) is larger than 0.1 or smaller than 10. Two, the distance between the start 
and endpoint of the trajectory is smaller than half of the trajectory length. Circles were classified as unacceptable 
when they failed one or both criteria. Unacceptable circles were removed from the analysis of learning, even 
though the participant received reward feedback on them during the task. The removed data were not replaced. 
If more than 20% of the trials of a participant were classified as unacceptable, all data of this participant were 
excluded from the analysis. We analyzed all data from the drawing task in ratios rather than centimeters.

We measured two key dependent variables: learning and motivation.
Learning was measured based on the ratio in the drawn size ( St) and the baseline size ( Sbaseline). As 

the participant’s task is to double the size, the target ratio is 2.0, and the baseline ratio is 1. We will define the 
amount of learning within a block (b) of five trials as the median ratio in the block minus the baseline ratio (1). 
Learning values that differed more than 2.5 times the standard deviation from the mean were treated as outliers 
and excluded.

Motivation was measured by the average score on the motivation to continue and enjoyment items on 
the questionnaire, as these two items were correlated (R = 0.63) whereas the other items showed inter-item 
correlations lower than 0.40. The secondary measure of motivation is whether the participant voluntarily 
engaged in the free phase. As the previous study15 showed a bimodal distribution of the number of trials played 
in this phase, indicating that participants either continued or did not, we analyze the behavior in the free phase 
as a binary decision to continue or not. In addition, we report the scores on the perceived competence, pressure/
tension, and effort items for the two success groups.

To test the hypothesis that the moderate success group shows greater learning than the high success group, 
we performed a multilevel regression with learning as a function of the logarithm of block number and group, 
including a random slope for participant and using the moderate success group as the reference group. The 
block number was log-transformed to approximate exponential learning. We incorporated both the main effects 
of group and block and the interaction between the two, and used the moderate success group as a reference. A 
negative coefficient for the interaction of block and high success group would provide support for our hypothesis.

We performed a one-sided Mann-Whitney U test to test the hypothesis that motivation is higher in the high 
success group compared to the moderate success group.

Explorative analyses
The first explorative analysis focused on the influence of success-group on exploration.

We defined exploration as the increase in variability following failure feedback, assuming that variability 
following success is due to motor noise, and measured variability as trial-to-trial changes in the drawn size9,31. To 
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accommodate for signal-dependent noise, the trial-to-trial changes from trial t to trial t + 1 were normalized by 
the drawn size on trial t. Having calculated the trial-to-trial changes, we could compare these changes between 
trials on which success feedback was provided and trials on which failure feedback was provided. Before making 
this comparison, we accounted for differences between groups in which of the ratio errors received reward 
feedback. As we used a more lenient reward criterion in the high success group compared to the moderate 
success group, some successes in the high success group would have been defined as failures in the moderate 
success group. This difference in sampling successes and failures might bias exploration estimates31. We therefore 
only selected the trials that would have been defined as either a success or a failure in both groups and excluded 
the other 28% of trials. For this selection, exploration was measured as the median trial-to-trial change following 
failure minus the median trial-to-trial change following success. To assess whether the success group affected 
the exploration, exploration was compared between groups with a two-sided Mann-Whitney U rank-sum test.

The second exploratory analysis assessed whether the model fit could be improved by incorporating age and 
gender by comparing the BIC values of four additional models to the basic model including only success group 
and the logarithm of block as predictors. We compared four additional models, which included an interaction 
of the logarithm of block and age, a three-way interaction of the logarithm of block, success group, and age, an 
interaction of the logarithm of block and gender, and a three-way interaction of the logarithm of block, success 
group, and gender. A reduction of ten or more points in the BIC was considered a significant improvement. In 
these exploratory analyses, only the participants who identified as either male or female were included female 
(N moderate success group = 122, N high success group = 121).

The third exploratory analysis assessed how the rate of learning changed over time by performing a multilevel 
regression on the learning in a moving window of five blocks with the block number and success group as 
predictors and a random intercept and slope per participant. If learning would reach asymptote earlier for one of 
the two success groups, we would expect the regression coefficient for the effect of block to reduce to zero earlier.

Results
All data are reported as average ± between-participant standard error, unless otherwise specified. Of the trials, 
2.3 ± 3.5% were excluded based on the criterion for not drawing circles. The average success percentage in the 
moderate success group was 49 ± 5, whereas the success percentage in the high success group was 72 ± 6% 
(Fig. 2a). The reward criterion was not normally distributed across participants. The median average reward 
criterion across the experiment was 0.69 ± IQR0.54 in the moderate success group and 1.12 ± IQR0.69 in the 
high success group (Fig. 2b).

For the learning per block, 1.7% of the data were treated as outliers and excluded from the regression 
analyses. Although the reward criterion in the high success group on average rewarded errors larger than the 
baseline error, learning increased with block number for both the moderate and high success group (Fig. 2c), 
evidenced by a positive effect of the logarithm of block on learning (B = 0.18 ± 0.02, p < 0.001). The mean learning 
in the final block was 0.52 ± 0.05 for the moderate success group and 0.40 ± 0.05 for the high success group. As 
we hypothesized, we found an interaction of block and success group on learning with a negative regression 
coefficient for the high success group (B = -0.05 ± 0.02, p = 0.02). Together, this indicates that participants learned 
from the reward feedback and that this learning was reduced in the high success group. The model fit could not be 
improved by including interactions of age or gender. The BIC for the basic model including only the participants 
who identified as either male or female was 317. The BIC for the model which included an interaction of the 
logarithm of age and block was 338. The BIC for the model which included a three-way interaction of the 
logarithm of age, block and success group was 339. The BIC for the model including an interaction of gender and 
block was 323. The BIC for the model including a three-way interaction of gender, block, and success condition 
was 320.

In contrast to our hypothesis on motivation, motivation (Fig. 2d) was not higher in the high success group 
(U = 7733, z = -0.20, p = 0.84, r = -0.01), as it was 3.8 on a scale from 1 to 5 in both groups. Neither did the 
percentage of participants that continued in the free phase differ (respectively 60% and 59%; X2 = 0.03, p = 0.86). 
Mean scores with standard errors per group for each item on the motivation questionnaire are reported in 
Table  2. Table  2 shows that, consistent with reduced failure, pressure/tension was lower in the high success 
group, whereas perceived competence was higher. There were no notable differences in motivation to continue, 
enjoyment, or effort.

Exploratory analyses
In the moderate success group, the median variability following failure was 0.23, whereas the median variability 
following success was 0.12, indicating that variability almost doubled following failure. In the high success group, 
the median variability following failure was 0.19, whereas the median variability following success was 0.12, 
indicating that variability increased by 60%. A Mann-Whitney U test confirmed that the increase in variability 
following failure was higher for the moderate success group compared to the high success group (U = 10564, 
z = 2.62, p = 0.01, r = 0.16, Fig. 2e), indicating more exploration in the moderate success group. The regression 
of the learning in a moving window of five blocks (Fig. 3) showed consistently lower learning rates for the high 
success group and no indication that learning reached an asymptote.

Discussion
In this study, we simultaneously tested the effect of success percentage on motor learning and on motivation. 
We did so in a circle-drawing task suitable for testing children15 and tested a large sample with ages between 7 
years old and 58 years old. The moderate success group performed the task with 49% success, whereas the high 
success group performed the task with 72% success. We hypothesized that, compared to the high success group, 
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the moderate success group would show more motor learning but less motivation. In line with the hypothesis 
on learning, we found that the moderate success group learned more compared to the high success group. In 
contrast to our hypothesis on motivation, we found no difference between groups in self-reported motivation 
or ‘free phase’ participation. Both groups reported similar moderate to high motivation (3.8 on a scale of one to 
five).

Our finding that the moderate success group learned more than the high success group aligns with the 
idea that the moderate success group received more opportunities to explore and received more informative 
success feedback. These opportunities to explore would be 51% in the moderate success group and 28% in 
the high success group, assuming participants only explored following failure. Furthermore, lower success 
percentages evoke higher levels of exploration32. Indeed, following failure, the moderate success group increased 
variability following failure more than the high success group, which is an indication of exploration31. Lastly, 
compared to the high success group, the performance in the moderate success group had to be closer to the 
target performance to be rewarded. The reward criterion in the high success group rewarded a median ratio 
error of 1.12 whereas the reward criterion in the moderate success group rewarded a median ratio error of 

Fig. 2.  Results. Data for the moderate success group are shown in light blue, and data for the high success 
group are shown in dark blue. Black dots represent individual data. (a) Mean success percentage. (b) Median 
reward criterion (in ratio error) for the two groups. (c) Mean learning (the increase in ratio relative to the 
baseline block) with standard error as a function of block number. (d) Mean motivation with standard error. 
(e) Trial-to-trial change (fraction) following failure and success feedback for the two success groups. Shaded 
areas show the distribution of the data, and thick red lines represent the median. Thick blue lines connect the 
medians following failure with the ones following success. For this analysis, we only used trials that would have 
been defined as a success or failure by both reward criteria.
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0.69. Other research on perceptual learning, in which the precision of perceptual judgements was assessed, 
has suggested that the optimal success percentage for learning is 85%22, which would predict better learning 
in the high success group. We attribute this difference to the fact that the learning metric in the Wilson et al. 
study22 included variability, whereas the learning metric in our study was based on a reduction of bias. As 
success absence increases variability, the optimal success percentage might be higher when learning is defined 
as a reduction of variability22, compared to when learning is defined as a reduction in bias such as we did. 
An important question is whether the success percentage influenced both the rate and amount of learning, or 
only one of these parameters. As reward-based learning occurs erratically, with changes in performance being 
driven by rewarded variability1,3,17,18,32 rather than by gradual error correction, the learning curve presented in 
Fig. 2 represents the average number of participants having reached a certain performance. Its slope can’t be 
interpreted as the learning rate of individual participants. An exploratory analysis that analyzed the group-based 
learning over a moving window of five blocks showed consistently lower learning rates in the high reward group 
but no discernable difference in the decay of the learning rate. Hence, the current study is most consistent with 
the idea that the success percentage influenced the learning rate rather than the amount of learning. Future 
research, measuring learning on a longer timescale, will have to demonstrate whether the rate of learning, the 
asymptote of learning, or both are affected by the success percentage. As explicit processes have been found to 
contribute to reward-based motor learning33–35 and explicit processes might involve hypothesis testing besides 
random exploration36, another interesting question for future research is how the success probability affects 
such hypothesis testing. In particular, to assess whether the success probability affects the type of exploration 
strategies used.

Our finding that motivation did not differ between the two success groups is in contrast with the idea that 
80% success is optimally motivating25,28 and with earlier findings that 80% success resulted in greater motivation 

Fig. 3.  Left panel: learning per block of five trials for an example participant. The regression line is based on 
multilevel regression on learning as a function of a moving window of five blocks and success condition. Note 
that in the multilevel regression we used the linear effect of block instead of the log block that we used in the 
main analysis. Right panel: the regression coefficient for the effect of block on learning for a moving window of 
five blocks. For both groups, the beta coefficient is clearly above zero during the whole experiment, so learning 
did not yet reach an asymptote.

 

Success group Motivation to continue Enjoyment Perceived competence Effort Pressure/tension

Moderate 3.5 ± 0.09 4.2 ± 0.07 3.7 ± 0.07 4.7 ± 0.06 2.7 ± 0.1

High 3.6 ± 0.09 4.1 ± 0.08 3.9 ± 0.07 4.7 ± 0.06 2.2 ± 0.1

Inter-item correlations

Motivation to continue 0.64 0.18 0.18 0.12

Enjoyment 0.64 0.23 0.37 0.15

Perceived competence 0.18 0.23 -0.08 -0.08

Effort 0.18 0.37 0.18 0.07

Pressure / tension 0.12 0.15 -0.08 0.07

Table 2.  Mean scores on the motivation items with standard error for the two groups and inter-item 
correlations, which show that motivation to continue and enjoyment were most related.
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compared to 50% success in a pointing task7. The fact that we found no evidence of enhanced motivation in the 
high success group relative to the moderate success group might be caused by the low sensitivity of the two-item 
measurement of motivation. Also, in the other studies7,28 participants received spatial performance feedback 
in addition to the score rewards, which might have affected the influence of success percentage on motivation.

Alternatively, the optimally motivating success percentage might depend on the complexity of the task. In 
information theory, the success percentage determines information, measured as Shannon entropy, with 50% 
success resulting in the highest information. The highest information might not always be best, though. In 
the Challenge Point Framework, it has been proposed that the optimal success percentage is the maximum 
amount of information that can be processed37. Less complex tasks might leave more processing capacity for the 
successes and failures. The current task was designed to have very low complexity, allowing for reward-based 
motor learning. The participants were explicitly informed about the task-relevant dimension, rather than having 
to discover this themselves7, and they were rewarded based on a single movement target instead of receiving a 
different target on each trial7,28.

Study limitations
Study limitations involve the low-precision measurement of motivation with two questionnaire items on a five-
point Likert scale and the short duration of the task.

A strong point of our study is that we tested a large sample with a wide age range of 7 to 58 years old and 
showed that the influence of the success group on learning did not depend on age. To be able to test this number 
of participants in the museum, we had to limit task duration. The brief task duration of about five minutes limits 
generalization of the results to learning and motivation on longer timescales. While our previous studies on the 
effect of success percentage on motivation also employed brief tasks and reported similar levels of motivation7,28, 
the effect of success percentage on motivation might be stronger for tasks with a longer duration, which allow 
for a more reliable estimate of the success percentage. Also, the finding of greater learning in the moderate 
success group might not generalize to tasks that last longer, allowing participants to perform more attempts. 
Future studies will need to show whether the advantage for the moderate success group holds on a retention 
test. Our results provide the basis for theoretical predictions on the maintenance of learning. If a high reward 
criterion, which targets a high success percentage, results in similar or better performance on a retention test 
than a reward criterion which targets a moderate success percentage, this should be due to improved retention 
as a result of repeated reward5. Finally, it is unclear, however, how the results would generalize to tasks using 
gradient (non-binary) reward feedback, in which the amount of reward decreases with the performance error. 
This can be realized by providing categorical feedback38–41 or continuous reward feedback6,12,42, the value of 
which is inversely related to the performance error.

Conclusion
To conclude, we show that participants show more reward-based motor learning when practicing with a success 
criterion that aims at a moderate success percentage than when practicing with a success criterion that aims at 
a high success percentage. There was no evidence that motivation differed between groups. Thus, if a novice 
painter would practice with a digital painting tool which rewards movements that are close to a target movement, 
the reward criterion shouldn’t be too lenient, rewarding only a moderate percentage of movements.

Data availability
The datasets generated during and/or analysed during the current study are available on the Open Science Foun-
dation: [https://osf.io/qtn3k/overview](https:/osf.io/qtn3k/overview).

Received: 29 October 2025; Accepted: 6 February 2026

References
	 1.	 Izawa, J. & Shadmehr, R. Learning from sensory and reward prediction errors during motor adaptation. PLoS Comput. Biol. 7 (3), 

e1002012 (2011).
	 2.	 Therrien, A. S., Wolpert, D. M. & Bastian, A. J. Effective reinforcement learning following cerebellar damage requires a balance 

between exploration and motor noise. Brain 139 (1), 101–114 (2016).
	 3.	 Roth, A. M. et al. Reinforcement-based processes actively regulate motor exploration along redundant solution manifolds. Proc. 

Royal Soc. B. 290, 20231475 (2023).
	 4.	 Krakauer, J. W. & Mazzoni, P. Human sensorimotor learning: adaptation, skill, and beyond. Curr. Opninion Neurobiol. 21, 636–644 

(2011).
	 5.	 Shmuelof, L. et al. Overcoming motor ‘forgetting’ through reinforcement of learned actions. J. Neurosci. 32 (42), 14617–14621a 

(2012).
	 6.	 Nikooyan, A. A. & Ahmed, A. A. Reward feedback accelerates motor learning. J. Neurophysiol. 113, 633–646 (2015).
	 7.	 van der Kooij, K. et al. Reward abundance interferes with error-based learning in a visuomotor adaptation task. PLOS One. 13 (3), 

e0193002 (2018).
	 8.	 Kim, H. E., Parvin, D. E. & Ivry, R. B. The influence of task outcome on implicit motor learning. eLife 8, e39882 (2019).
	 9.	 Pekny, S. E., Izawa, J. & Shadmehr, R. Reward-dependent modulation of movement variability. J. Neurosci. 35 (9), 4015–4024 

(2015).
	10.	 van der Kooij, K., van Mastrigt, N. M. & Cashaback, J. G. A. Failure induces task-irrelevant exploration during a stencil task. Exp. 

Brain Res. 241 (2), 677–686 (2023).
	11.	 Chen, X., Mohr, K. & Galea, J. M. Predicting explorative motor learning using decision-making and motor noise. PLoS Comput. 

Biol. 13 (4), e1005503 (2017).
	12.	 Dam, G., Kording, K. & Wei, K. Credit assignment during movement reinforcement learning. PLoS One. 8 (2), e55352 (2013).
	13.	 Kantak, S. S. & Winstein, C. J. Learning-performance distinction and memory processes for motor skills: A focused review and 

perspective. Behav. Brain. Res. 228, 219–231 (2012).

Scientific Reports |        (2026) 16:10272 8| https://doi.org/10.1038/s41598-026-39639-5

www.nature.com/scientificreports/

https://osf.io/qtn3k/overview
http://www.nature.com/scientificreports


	14.	 Hill, N. M. et al. Age-dependent predictors of effective reinforcement motor learning across childhood. bioRvix 602665. (2024).
	15.	 van Mastrigt, N. M. et al. A circle-drawing task for studying reward-based motor learning in children and adults. Behav. Sci. 14 

(11), 1055 (2024).
	16.	 Hodges, N. & Lohse, K. An extended challenge-based framework for practice design in sports coaching. J. Sports Sci. 40 (7), 

754–768 (2022).
	17.	 Cashaback, J. G. A. et al. The gradient of the reinforcement landscape influences sensorimotor learning. PLoS Comput. Biol. 15 (3), 

e1006839 (2019).
	18.	 Therrien, A. S., Wolpert, D. M. & Bastian, A. J. Increasing motor noise impairs reinforcement learning in healthy individuals. 

eNeuro 5 (3), e0050-18.2018 1–14. (2018).
	19.	 Steel, A. et al. The impact of reward and punishment on skill learning depends on task demands. Sci. Rep., 6 (36056). (2016).
	20.	 Vassiliadis, P. et al. Reward boosts reinforcement-based motor learning. iScience 24, 102821 (2021).
	21.	 Palidis, D. J. & Fellows, L. K. Dorsomedial frontal cortex damage impairs error-based but not reinforcement-based motor learning 

in humans. Cereb. Cortex. 34, 1–18 (2024).
	22.	 Wilson, R. C. et al. The 85% rule for optimal learning. Nat. Commun. 10. (2019).
	23.	 Atkinson, J. W. Motivational determinants of risk-taking behavior. Psychol. Rev. 64 (6), 359–372 (1957).
	24.	 Eccles, J. S. From expectancy-value theory to situated expectancy-value theory: a developmental, social cognitive, and sociocultural 

perspective on motivation. Handbook of Student Engagement, J.R. Gladstone, A. Wigfield, and J.S. Eccles, Editors. (2022).
	25.	 Rosenshine, B. & Stevens, R. Handbook of Research on Teaching. M. Cochran-Smith, S. Feiman-Nemser, and D.J. MyIntyre, Editors. 

376–391. (Routledge/Taylor & Francis group and the association of teacher educators, 1986).
	26.	 Burton, D. & Raedeke, T. D. Sport Psychology for Coaches (Human Kinetics, 2008).
	27.	 Palidis, D. J. & Fellows, L. K. The affective response to positive performance feedback is associated with motor learning. Exp. Brain 

Res. 242, 2737–2747 (2024).
	28.	 van der Kooij, K. & Hennink, T. L. in ’t Veld, and Motivation as a function of success frequency. Motivat. Emot. 45 (6), 759–768. 

(2021).
	29.	 Kluft, N. K., Smeets, J. B. J. & van der Kooij, K. Dosed failure increases older adults’ motivation for an exergame. J. Aging Phys. Act. 

17, 1–10 (2024).
	30.	 Ryan, R. M. Control and information in the intrapersonal sphere: an extension of cognitive evaluation theory. J. Personal. Soc. 

Psychol. 43 (3), 450 (1982).
	31.	 van Mastrigt, N. M., van der Kooij, K. & Smeets, J. B. J. Pitfalls in quantifying exploration in reward-based motor learning and how 

to avoid them. Biol. Cybern. 115 (4), 365–382 (2021).
	32.	 Dhawale, A. K. et al. Adaptive regulation of motor variability. Curr. Biol. 29 (21), 3551–3562 (2019).
	33.	 van Mastrigt, N. M. et al. Implicit reward-based motor learning. Exp. Brain Res. 241 (9), 2287–2298 (2023).
	34.	 Holland, P., Codol, O. & Galea, J. M. Contribution of explicit processes to reinforcement-based motor learning. J. Neurophysiol. 

119 (6), 2241–2255 (2018).
	35.	 Codol, O., Holland, P. & Galea, J. M. The relationship between reinforcement and explicit control during visuomotor adaptation. 

Sci. Rep. 8 (1), 9121 (2018).
	36.	 Ding, W., Niyogi, A. & Tsay, J. S. Hypothesis testing governs an efficiency-flexibility trade-off in strategic motor learning. BioRvix 

(2025).
	37.	 Guadagnoli, M. A. & Lee, T. D. Challenge point: a framework for conceptualizing the effects of various practice conditions in 

motor learning. J. Mot. Behav. 36 (2), 212–224 (2004).
	38.	 Sporn, S., Chen, X. & Galea, J. M. The dissociable effects of reward on sequential motor behavior. J. Neurophysiol. 128 (1), 86–104 

(2022).
	39.	 Galea, J. M. et al. The dissociable effects of punishment and reward on motor learning. Nat. Neurosci. 18, 597–602 (2015).
	40.	 Hasson, C. J., Manczurowsky, J. & Sheng-Che, Y. A reinforcement learning approach to gait training improves retention. Front. 

Hum. Neurosci. 9 (459), e459 (2015).
	41.	 Konrad, J. D. et al. Motor competence is related to acquisition of error-based but not reinforcement learning in children ages 6 to 

12. Heliyon 10 (12), e32731 (2024).
	42.	 Codol, O. et al. Reward-based improvements in motor control are driven by multiple error-reducing mechanisms. J. Neurosci. 40 

(18), 3604–3620 (2020).

Acknowledgements
We thank the NEMO Science Museum ScienceLive program for providing us with the opportunity to per-
form research in the museum. We thank Corina Schoorl, Caroline Blom, Ivana Lenardic, Kyara Sannes, Naomi 
Schriel, Megan Comyns, Danique Turk, Hilde van Doornen, Charlotte Jongenotter and Aesha Sarkar for testing 
participants in the NEMO Science Museum.

Author contributions
Wrote the manuscript: KK, NMM, AMML, MRH, JEB, JBJS. Designed the experiment: KK, JBJS, NMM, AMML 
Collected the data: NMM, MRH, JEB. Analyzed the data: KK, NMM, MRH. Prepared the figures: KK, NMM. 
Reviewed the manuscript: KK, NMM, AMML, MH, JEB, JBJS.

Funding
This study was funded by a starter grant awarded to Katinka van der Kooij by the Vrije Universiteit Amsterdam.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Scientific Reports |        (2026) 16:10272 9| https://doi.org/10.1038/s41598-026-39639-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence 
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2026 

Scientific Reports |        (2026) 16:10272 10| https://doi.org/10.1038/s41598-026-39639-5

www.nature.com/scientificreports/

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Enforcing a high success percentage interferes with reward-based motor learning
	﻿Methods
	﻿Participants
	﻿Task
	﻿Procedure
	﻿Data analysis
	﻿Explorative analyses

	﻿Results
	﻿Exploratory analyses

	﻿Discussion
	﻿Study limitations

	﻿Conclusion
	﻿References


