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Abstract
The influence of augmented feedback and self-estimation of errors on the weld-
ing skill learning of vocational high school students was the focus of this study. A 
quasi-experimental research design was utilized by randomly assigning two classes 
of car repair students to an experimental group and a control group. Each participant 
had 9 practice trials, took 3 tests (pre, post, and delayed), and received augmented 
feedback 3 times during the skill acquisition phase. The experimental group was 
additionally requested to self-estimate their errors by reviewing their work in com-
parison to a benchmark piece, assessing the differences, and completing a checklist 
of criteria, while the control group did not undergo this process. The performance 
of participants improved through the practice period with the experimental group 
showing significantly greater changes than those in the control condition. For the 
delayed-test, both groups declined to some extent from the post-test, but the experi-
mental subjects did better comparatively. Augmented feedback with self-estima-
tion of errors appeared beneficial for vocational high school students’ motor skill 
learning.

Keywords Augmented feedback · Motor skill learning · Self-estimation of error · 
Vocational education and training

Introduction

Motor skills are an essential component required of individuals working in all kinds 
of skilled and hands-on professions. People in vocational and technical workplaces 
perform specific motor skills, such as hammering a nail, painting a wall, or weld-
ing metal. How these skills are learned and what factors enhance motor learning in 
vocational education are critical for better training of the skilled workforce.
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Motor skill learning is a complex mental process in response to practice of a cer-
tain skill that results in changes in the central nervous system (Lazaro et al., 2013; 
Wulf, 2012). According to motor-cognitive theories, it usually involves  practice, 
feedback, and knowledge of results (Adams, 1971; Schmidt, 1991). Many studies 
have probed into influential factors for motor skill learning and performance, high-
lighting the impact of feedback, self-control of learning, tool use, and so on (Bril, 
2015; Schmidt, 1991, 2003). Aspects of the process such as these appear to have 
informational and motivational effects on skill learning, especially in children’s 
development, sports, neurophysiology, and archaeology and other fields. Their gen-
eralisability to motor skill learning in vocational education and training is less evi-
dent due to the small number of studies that have been conducted.

Relevant here is a commonly accepted idea that human fallibility is an important source 
of practice-based learning (Bauer & Harteis, 2012). Errors can be fruitful for skill improve-
ment based on cognitive and action-oriented approaches (Bauer et al., 2012; Harteis et al., 
2012; Keith & Frese, 2008); research on their use in the learning process is still early in 
its development and scattered across academic disciplines (Bauer & Harteis, 2012). More 
investigation in this regard would enhance the effectiveness of skill learning and training.

The aim of this study was to determine the influence of augmented feedback 
and self-estimation of errors on the welding skill learning of vocational high 
school students. It was carried out in an educational setting. Butt welding was its 
focus because it involves a series of subtle motions of the hands and arms (such as 
arcing, melting the workpiece, decomposing the flux coating, etc.) and provides 
an opportunity to observe the influence of augmented feedback and error estima-
tion on performance. The literature was reviewed in relation to motor learning 
theory, augmented feedback, self-controlled learning with error estimation, and 
their subsequent effects on motor skill learning. The joint use of the two factors 
for vocational school students was examined. The procedures are fully explained 
and discussed and the results shed light on how motor skill learning performance 
in the vocational skill instruction and training context could be improved.

Literature Review

Motor Skill Theory

Two motor-cognitive theories, Adam’s closed-loop theory and Schmidt’s schema 
theory, are commonly accepted in the field of motor skill learning. Adams’ theory 
(1971) of skill performance involves two key neural components, memory trace 
and perceptual trace. Memory trace selects and triggers an appropriate response, 
while perceptual trace records the movements made during numerous practices. 
Both during and after attempting a movement, the feedback and knowledge of 
results allow the performer to compare the movement with the perceptual trace 
as a referent of correctness. Error adjustments can then be made in the following 
movements (Kent, 2006).
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Differing from Adam’s theory, Schmidt’s schema theory is based on the open-
loop concept. It provides a more parsimonious account of how the different move-
ment variations are produced and stored in memory (Schmidt, 1975). In Schmidt’s 
theory, a movement pattern is produced by a generalised motor program retrieved 
from memory which is then adapted to a particular situation. For flexibility, the 
motor system needs to learn the relations between the initial conditions (the dis-
tance between the football in the quarterback’s hands and the receiver), the gener-
ated motor commands (forces that are generated during the throw), the sensory 
results of the motor commands (proprioception of arm movement), and the move-
ment’s outcome (the actual distance that the football is thrown). These relation-
ships are inherent in two motor schemas, recall and recognition.

The former represents the initial conditions, movement parameters and out-
comes used to compute and select the appropriate parameters that are required 
to achieve the movement goal. The latter is used for evaluation, allowing the per-
former to assess the outcome by comparing it with the received feedback (Wulf, 
2012). Schmidt’s theory pays more attention to the variability of practice under 
different conditions, and values the positive benefits for error production, espe-
cially learning from one’s own mistakes.

Summing up, the two theories emphasize the role played by practice, feedback, 
knowledge of results, and sensitivity of error-detection processes in the modifica-
tion of a performer’s movements. These components featured prominently in the 
design of the current study.

Augmented Feedback

Motor skill learning, important in the performance of daily tasks, could be 
improved as a result of the quantity and quality of practice (Magill, 2001; Schmidt 
& Lee, 1999). Observation of others’ practice, feedback, self-controlled practice, 
and the learner’s focus of attention could also affect successful outcomes (Wulf 
et al., 2010). Feedback that specifically provides information about performance 
is essential for facilitating learners’ correction of errors and attainment of per-
formance goals especially when the learner is motivated and persists (Schmidt, 
1991, 2003).

For some time, studies on motor skill learning have looked at augmented feedback, 
externally presented information about the outcome or characteristic of a movement 
leading to a particular result. It comes from sources outside of the learner and is 
often used to supplement task-intrinsic feedback with sensory perceptual information 
from visual, auditory, proprioceptive, or tactile senses that learners use as cues to 
understand the outcome of performance (Magill & Anderson, 2017; Salmoni et al., 
1984). Research has suggested that augmented feedback in conjunction with intrinsic 
feedback would be advantageous for motor skill learning (Mononen, 2007; Schmidt 
et  al., 2018). This is particularly pertinent for tasks where intrinsic information is 
hard to identify or reach; augmented feedback could be vital to effective skill learning 
(Magill, 1994).
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Augmented feedback consists of knowledge of results (KR) and knowledge of 
performance (KP) (Wulf et al., 2010). KR is externally presented information about 
the outcome of performing a skill, such as a performer’s score, position, or time; 
and KP is related to the movement in which a skill is performed, such as a comment 
from the coach about a player’s foot placement during a kick in football (Sharma 
et al., 2016). In early studies, the frequency of KR was mainly looked at in terms 
of simple tasks (Bilodeau et al., 1959). Later research established that not only is 
KR and its frequency important in feedback, but other dimensions come into play 
when task complexity increases—feedback mode, timing, accuracy, error estima-
tion, and amount at a single moment (Chen et al., 2002; Wulf & Shea, 2002). The 
current investigation focused on the importance of one of them, namely self-error 
estimation.

Most often, augmented feedback is provided solely by instructors, particularly 
in hands-on vocational education and training (VET) with groups of students as a 
whole. Instructors establish nearly all of the details of feedback—whether it will be 
offered, when, how, and with the needed kinds of demonstration. In this scenario 
students are not as active in learning and are less engaged with the information and 
activities (Wulf et al., 2010).

Self‑Controlled Learning with Error Estimation

Skill learning could be enhanced when learners have some degree of freedom 
to control their own practice (Safir et  al., 2010). Self-controlled feedback may 
increase performance by affording information that is helpful to each learner 
in his/her own construction of knowledge and understanding (Chiviacowsky 
& Wulf, 2005; Grand et  al., 2015). Chiviacowsky & Wulf (2002) posited that 
self-controlled learners may engage in error estimation during practice, and are 
somewhat independent of external feedback, relying more on their own ability 
to detect errors. Barros et al. (2019) observed that an error estimation group per-
formed better than its counterpart during the retention and transfer phases. The 
relationship between error estimation processes and motor skill acquisition was 
also proposed by Guadagnoli & Kohl (2001) and Liu and Wrisberg (1997). It 
is likely that the development of error estimation abilities was helpful in these 
instances.

Error estimation mainly relies on learners’ own feedback and might be difficult 
in situations where they lack sufficient knowledge to identify what kind of sensory 
information is most useful for movement correction. Beginners in vocational high 
school classes are usually not equipped with sufficient optimal strategies to employ 
in self-directed learning or in identifying errors. For them, augmented feedback with 
the addition of self-estimation of error might help overcome such a weakness. It 
might further aid in creating and testing hypotheses regarding goal achievement or 
action adjustment in subsequent trials if needed, thus leading to better performance 
(Barros et al., 2019; Swinnen et al., 1990).
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Much skill performance requires the use of tools to complete tasks, for example, 
the use of a hammer for nailing. A functional lens on the use of implements comes 
from anthropology where an elementary action (the use of the tool) is processed 
through a sequence of interconnected movements linked to the goal of the task (Bril 
et al., 2005). For example, from studies on the percussive actions involved in stone 
knapping and nut cracking Bril et  al. (2012) identified four parameters. The first 
deals with task constraints such as kinetic energy, while the others are under the 
control of the actor. The second layer relates to control (velocity at impact), the third 
to regulatory parameters (muscular effort) and the fourth is about movement (mus-
cle activity).

When required to perform a goal-directed action, an actor has to assess the cur-
rent state of the body and of the tools required to successfully produce the functional 
parameters. Then he/she needs to learn to use his/her visual and haptic senses to 
explore and to capture the necessary information for performing. In other words, 
a person has to develop the capacity to detect the constraints and opportunities 
involved in completing a task. The learning process then is one of discovering and 
gradually mastering the functional properties of the task necessary for its comple-
tion. It requires acquiring information about a specific context via an enhanced 
detection process (Reed, 1993). The self-estimation of errors discussed earlier could 
be seen as an information detection mechanism in motor skill learning.

Butt welding in high school vocational training classes is an example of a motor 
skill area in which augmented feedback with error self-estimation could be used to 
enhance learning. In it two pieces of metal are attached to each other via differ-
ent types of welding electrodes (use of tools). Indicators of successful work are the 
evenness and appropriateness of the width and height of the weld zone, the straight-
ness of the fusion line, the resistance of the joint, and so on (Department of Train-
ing & Workforce Development, 2008). Because the process produces radiation, full 
body protective clothing is required. Under this condition, intrinsic feedback from 
sensory perception is difficult to observe directly, particularly for beginners who 
lack the capacity to see critical errors or who have limited information (Mononen, 
2007). An augmented process via error self-estimation should enrich learners’ adap-
tation to the contextual properties of the task and should be of use for learning the 
subtle movements of welding. Using tangible measurement criteria for students to 
follow would also give them a better sense of their strengths and deficiencies.

We studied the impact of augmented feedback with self-estimated errors on 
learners’ welding skill performance in a vocational training context. The results 
should expand understanding of the impact of the joint use of these procedures for 
the improvement of motor skill learning. It was expected to contribute to the way in 
which vocational schools train their students.
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Method

Sampling

A purposeful sampling strategy was conducted. Two  10th grade classes in a voca-
tional high school in Taiwan constituted the sample for this research. They consisted 
of students enrolled in a three-year auto repair program aimed at cultivating grass-
roots talents in the car repair industry. Butt welding is seen as a very suitable skill 
area in which to test out the independent variables and this vocational high school 
had a history of long-term cooperation with the researchers and was committed to 
participating in the experiment.

The sample had 41 male  10th graders around 15 to 16 years old. Since vocational 
senior high school in Taiwan starts from  10th grade, the students had only half a year 
of learning experience in fundamental knowledge and training of mechanical works, 
without any working experience in car-related workplaces. Overall, they were begin-
ners in the field of power mechanical engineering. An investigation before the 
experiment showed that the students had no prior exposure to butt welding. Thus, 
the two classes were randomly assigned to either an experimental or a control group, 
with 20 and 21 participants, respectively. They all signed an informed consent form 
in accordance with the guidelines of the local ethics commission.

Experimental Design

A quasi-experimental research design was utilized. The experimental group received 
augmented feedback and self-estimated their errors when welding, whereas the con-
trol group received augmented feedback only. Specifically, all participants watched 
an instructional video in which the welding knowledge, equipment, jointing method, 
manual welding procedure, and grading criteria were presented. After that, they took 
a pre-test, consisting of one welding trial with no feedback and without a benchmark 
comparison welding piece, followed by a practice phase of nine learning trials, dur-
ing which augmented feedback was provided three times (on the first, fourth and 
seventh trials) for both groups.

At these three trials, the experimental group received augmented feedback (their 
welding work and a benchmark comparative welding piece), and were also required 
to self-estimate their errors. This was accomplished through comparing their own 
work and a benchmark, detecting errors, and thinking about the possible causes by 
completing a checklist of grading criteria (see Appendix; more detailed informa-
tion is presented in the grading criteria section). The students had to check either 
‘Achieved’ or ‘Needs Improvement’ for each criterion. It was assumed that stu-
dents could make appropriate self-estimation of their errors and try to correct their 
motor skills in the following trials. The whole process required about 2 h for each 
participant.

The control group received augmented feedback on their own work on the 
first, fourth, and seventh trials as did the experimental group, but did not 
go through the error estimation process. Following the nine practice trials, 
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both groups were re-evaluated twice—an immediate post-test and a delayed 
one a week later. It is worth noting that the frequency of learning trials 
(9) was recommended by two of the sample’s instructors who were familiar 
with the skill level of the 41 students. Overall, the conditions that system-
atically varied during the experiment were the augmented feedback accom-
panied with self-estimation of errors on three trials. They were assumed to 
be conducive to students’ welding performance in terms of the grading cri-
teria described in the following section. The experimental design is shown 
in Table 1.

Butt Welding Skill

The butt welding technique, the target motor skill, was taught through a video-
guided instructional approach, ensuring that the two groups received equal exposure 
to it and had exactly the same knowledge and skill demonstration. The video, pro-
duced by the research team, included an introduction of the fundamentals and appli-
cation of welding skill, welding equipment, machines and tools, procedures, tips for 
welding practice, safety and caution when doing the task, and criteria for assessing 
performance.

The welding process in the video was demonstrated by an expert. It started by 
creating an arc between the tip of the electrode and the workpiece using a low 
voltage, high amperage current flow. Heat for welding was generated from this 
arc, melting the workpiece and the electrode tip, decomposing the flux coating 
on the electrode and generating a gaseous shield which protected the weld pool 
and the surrounding hot metal from the atmosphere. The electrode then melted 
off, forming droplets which transferred across the arc, adding to the molten 
parent metal and becoming the weld metal upon solidification (Department of 
Training & Workforce Development, 2008). When the welding work was com-
pleted, the weld zone was covered with welding which had to be clipped off for 
a clear view of the outcome. Figure 1 is an illustration of the angle and path of 
the welding technique in the instructional video. The left-hand side of Fig.  2 
presents one participant’s practice situation, and the right side is a sample of a 
benchmark piece of welding work.

Table 1  Experimental design procedure

a Augmented feedback provided on the  1st,4th and  7th trials during practice for both groups; at these three 
points, the experimental group additionally self-estimated their errors after receiving the augmented 
feedback, while the control group did not

Group Pre-test Practice  phasea Post-test Delayed-test 
(1 week 
later)

Experimental O X1 (O1,  O2,  O3, O4,  O5,  O6, O7,  O8,  O9) O O
Control O X2 (O1,  O2,  O3, O4,  O5,  O6, O7,  O8,  O9) O O
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Grading Criteria

Welding products were evaluated in accordance with six criteria totalling 100 
points: the weld zone is appropriate and uniform (20 points), the weld corruga-
tion is fine and uniform (20 points), the weld’s progress is in the right position 
(20 points), the weld is in a straight line (10 points), the welding work is com-
pleted correctly (10 points), and overall performance (20 points). These criteria 
were generated by two experts according to the ‘Basic manual metal arc welding’ 
guidelines issued by the Department of Training and Workforce Development 
(2008). The experts were medallists in automobile technology in the WorldSkills 
Competition and had welding certification. They had teaching experience in the 
car repair program in the vocational high school and understood the sample’s 
ability to carry out the welding task. Both were qualified to serve as the criteria 
developers and graders in this study.

Before the experiment, the experts were asked to grade three pieces of welding 
work separately then to discuss the ratings to develop consensus for judgement. Each 
piece of student work was independently assessed by them. Inter-rater reliability was 
acceptable, and the Pearson correlation coefficients between the two ratings across 
all trials and tests ranged from 0.62 to 0.76 (p < 0.05), indicating that the judgements 
were made in a relatively consistent manner. The average scores of the two experts’ 
ratings were used for the following analysis.

Fig. 1  Demonstrations of the angle (left-hand side) and path (right-hand side) of the welding technique

Fig. 2  One participant’s practice situation (left) and a sample of a benchmark piece (right)
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Data Analysis Technique

Statistical analyses (two-way mixed ANOVA) were performed using the IBM 
Statistical Package for the Social Sciences (SPSS) 21 version. A two-way mixed 
ANOVA is often used in studies where a dependent variable is measured over two 
or more time points (‘time’ is a within-subjects factor), and when subjects have been 
assigned into two groups that undergo different interventions (‘group’ is a between-
subjects factor). In this study, participants were assigned into the experimental or 
control group (between-subjects factor) and their welding performance was meas-
ured over nine trials (within-subjects factor) during the practice phase. The primary 
purpose of a two-way mixed ANOVA is to understand if there is an interaction 
between ‘Group’ and ‘Trial’ in the welding performance. If there is none, a follow-
up test will determine whether any change in the welding performance is simply due 
to the ‘Group’ or ‘Trial’ effect.

For the ANOVA, assumptions of normality and heterogeneity of variances were 
checked for each group by the Shapiro–Wilk and Levene’s tests. All p-values in the 
Shapiro–Wilk tests were greater than 0.05, and the F values for all Levene’s tests 
ranged from 0.03 to 2.59, with p-values higher than 0.05. The assumptions were 
not violated. The mixed model ANOVAs have two assumptions: one is the homo-
geneity of the variance–covariance matrices, and the other is sphericity. In this case, 
the Box’s test result (Box’s M = 80.25, F = 1.34, p = 0.07) met the homogeneity 
requirement, indicating that the observed covariance matrices of the dependent vari-
ables were equal across groups. The sphericity assumption was violated (Mauchly’s 
W = 0.15, p < 0.05), so the  Greenhouse–Geisser correction  was used to produce a 
valid F-ratio.

Results

Descriptive Statistics

The mean values (M) and standard deviations (SD) for each group across different 
trials are given in Table 2. An independent t test revealed a significant difference 
between the pre-test scores of the two groups, with the control group having a sig-
nificantly higher pre-test score (M = 37.98, SD = 18.34) than the experimental group 
(M = 27.25, SD = 11.52), t(39) = 2.23, p = 0.03.

Because of the group difference in the pre-test, the scores from all practices, post-
test, and delayed test were replaced with progressive values by subtracting the first 
trial score (baseline) in the practice phase from each of the successive trials to elimi-
nate the initial group difference on the following ANOVA tests. More specifically, 
instead of the original ratings, participants’ improvement at each of the individual 
trials, that is, the change between each trial and the baseline (the  1st trial score), was 
taken into account in the subsequent examinations. Therefore, the group difference 
in the beginning was controlled, and only changes between each trial and the base-
line were analysed to identify the treatment effect. Table 3 presents the descriptive 
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statistics of progressive values at the trials from the second practice in the acquisi-
tion phase through the post- and delayed- test, where the original score from the first 
practice is the baseline.

In Fig. 3, the trend of the experimental and control groups’ improvement 
during the acquisition phase and post-test, based on the progressive values 
in Table  3, is depicted. Obviously, both groups made progress during the 
learning period and post-test performance, but the experimental group had 
greater improvement across trials (excluding the delayed test) than the con-
trol group, with a larger intercept (M = 5.88 vs. M = -0.95) and slope (the 
ratio was 1.67 to 1).

Results of Main Effects and Interaction

The results of the two-way mixed ANOVA are in Table 4. The interaction between 
Trial and Group did not reach a significant level, F(5.05, 196.90) = 0.51, p = 0.77, 
η2 = 0.01, signifying that there were no combined effects of the two independent fac-
tors (Trial and Group) on the welding performance. As in Fig. 3, the trend of pro-
gressive values in each group was relatively parallel and increasing, so it was rea-
sonable to infer that the butt welding performance of all participants improved over 
the period of practice.

Fig. 3  Progressive values from the practice phase through the post-test for the experimental and control 
groups
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For the group comparison, the main effect of Group was significant, F(1, 
39) = 6.72, p = 0.01, η2 = 0.15; the experimental group had greater improvement 
in welding performance than the control group. The main effect of Trial was also 
significant, F(5.05, 196.90) = 9.50, p = 0.001, η2 = 0.20. A follow-up test of paired 
comparisons revealed that the progressive values in the post-test were significantly 
greater than those in each of the sequential trials from the second to the sixth.

Results of the Delayed Test

One week after the nine trials and the post-test, the students took a delayed test to 
measure retention of skill acquisition. The progressive value (difference between 
the delayed test and the  1st trial during the practice phase) was 19.5 in the experi-
mental group and 2.62 in the control group. This difference reached a significant 
level of 0.05, according to the one-way ANOVA results (F(1, 39) = 7.90, p = 0.008, 
η2 = 0.17), so the experimental group that experienced the error estimation process 
retained the skill better one week later than the counterpart group which did not have 
the same experience. As expected, delayed-test scores declined in each group when 
compared to the post-test; the drop was significant in the control group (mean differ-
ence = 11.55, t(20) = 3.52, p = 0.002), but not in the experimental group (mean dif-
ference = 4.38, t(19) = 0.89, p = 0.39) via the repeated measures t test. This strength-
ened the finding that the experiment had an impact.

Discussion

The purpose of the study was to shed light on the benefits of practice with augmented 
feedback and self-estimation of error for motor skill learning in a vocational education 
setting. All participants received augmented feedback, with the experimental group 
going one step further by estimating and detecting errors (3 times) through comparing 
their own work with a benchmark and completing a list of grading criteria.

The butt welding performance of all participants improved over the course of the 
experiment, indicating benefits from providing external augmented feedback. It is 
noticeable that intrinsic learning in this experiment may be inhibited by the welding 

Table 4  Two-way mixed ANOVA results

Type III Sum of 
Squares

df MS F Sig Eta squared

Group 7145.39 1 7145.39 6.72 0.01 0.15
Trial 8836.82 5.05 1750.27 9.50 0.001 0.12
Trial × Group 477.62 5.05 94.60 0.51 0.77 0.01
Error

  Between subject 41,462.17 39 1063.13
  Residual 36,260.56 196.90 184.15
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procedures themselves. The participants were required to wear protective clothing to 
protect them from the radiated heat and rays associated with the process. The cloth-
ing (auto-darkening welding helmet, leather shoe cover, flame-proof gloves) obstructed 
the participants’ sensory receptors, perhaps preventing them from receiving immediate 
intrinsic feedback. Under such conditions, augmented information might play a much 
more important role in feedback provision. In conjunction with this is the fact that the 
weld zone was covered with slag which hindered the direct observation of welding out-
comes. That is, information from task-intrinsic sources may have been insufficient to 
determine the appropriateness of the individuals’ welding performances. To provide 
meaningful KR feedback, the research team members chipped off the slag right after 
the welding work was completed and presented it to the learners before the next trial 
so they could directly see their welding outcomes and make corrections in subsequent 
practice. Obviously, this augmented feedback was vital, as it supplemented other infor-
mation and effectively facilitated skill learning, particularly for tasks in which feedback 
is critical but cannot be adequately assessed by the learners (Magill, 1994; Mononen, 
2007).

In agreement with previous studies, the experimental group performed better than 
the control group, pointing toward a combined positive effect of augmented feedback 
with self-estimation of error on welding skill acquisition (Swinnen, 1990; Swinnen 
et al., 1990). Participants who estimated errors did better than those who did not. It 
is possible that error estimation requires individuals to create a hypothesis about their 
previous work, thereby encouraging the use of memory and KR to test the hypothe-
sis. Accordingly, a person’s involvement in feedback and the way of using it cannot be 
independent of each other (Khodadost et al., 2015). Specifically, after receiving feed-
back on performing a movement, the individual would compare performance with cri-
teria in detecting errors, and then use the information to amend subsequent movements. 
Those who had the capability and opportunity to self-estimate errors were able to make 
comparisons and perform more appropriate future actions.

Although the scores in both groups declined for the delayed test, the experimen-
tal group scored higher relative to the control group. This finding aligned with previ-
ous studies about the advantages of self-estimation of movement errors for performing 
more cognitive or information processes and developing error detection capability, such 
as observing differences, identifying possible causes, and hypothesizing solutions for 
the next trials, leading to skill consolidation and retention in delayed tests (Barros et al., 
2019; Hogan & Yanowitz, 1978; Swinnen, 1990).

Conclusions, Limitations and Suggestions for Further Research

Conclusions

This study is supportive of the proposition that augmented feedback with self-esti-
mation of errors benefitted the learning of butt welding techniques by vocational 
high school students early in their educational program. It is notable that aug-
mented feedback can be particularly helpful when intrinsic feedback may not be or 
is not possible. What was found here underscores that vocational training instructors 
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should be attentive to the types of feedback that learners receive during skill acqui-
sition and make good use of augmented feedback. In addition, the error estimation 
process that guided students to self-reflect on their practice, identify their perfor-
mance errors, and correct their movements for following trials led to greater engage-
ment in cognitive and metacognitive processes, and deeper information processing 
that, in turn, contributed to motor skill learning. The findings make a contribution 
to the vocational and training area by highlighting the importance of learners’ self-
estimation of errors and encouraging instructors to help students engage in better 
error detection.

Limitations and Suggestions for Further Research

Some limitations to this study should be noted. One is due to how vocational high 
schools operate in Taiwan. Classrooms instead of individual students had to be the 
sampling units because the random assignment of  subjects was not possible. This 
resulted in non-equivalent groups which was accounted for by subtracting the first 
trial score in the practice phase from each of the successive trials. These values rep-
resented progression between trials adjusted for the scores in the first trial, thus con-
trolling for group difference in subsequent ANOVA tests. In future investigations it 
would be desirable to have random assignment of participants to groups if at all pos-
sible to ameliorate potential sources of invalidity.

The second issue relates to the number of practices and amount of time. Accord-
ing to theories, motor learning consists of three major stages: cognitive (gathering 
information to develop an overall understanding of a skill), associative (putting 
action together to demonstrate a refined movement through practice), and autono-
mous (performing a skill in any environment with little cognitive involvement com-
pared to the first stage) (Fitts & Posner, 1967). The stages involve a set of internal 
processes associated with practice or experience leading to relatively permanent 
changes in skilled behaviour (Schmidt et al., 2018). In the current case, due to the 
school teaching schedule, each participant was allotted only nine times to practice 
within two hours in the acquisition phase. The delayed test showed lower scores for 
both groups, suggesting that the acquired welding skill might not have been fully 
incorporated into the students’ repertoire, resulting in weaker performance after a 
period of time. Perhaps the short-term, intensive learning trials need to be length-
ened in number or duration.

The third concern was the number of participants who could be accommodated 
in this study. In order to control for the confounding of school as a variable, stu-
dents were recruited from one school with the same learning background (major 
area, school year, skill learning experience, etc.), so there was a small number of 
participants. This accommodated just one experimental group (augmented feedback 
with self-estimation of errors) and one control group (augmented feedback only). 
No additional groups, such as one without augmented feedback, could be created to 
decompose the impact of augmented feedback or error-estimation alone. Expanding 
to multiple sites with similar conditions might have overcome this difficulty.
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Another consideration relates to the type of augmented feedback provided. 
Augmented feedback comes in two types, ‘knowledge of performance’ (KP) 
and ‘knowledge of results’ (KR). KP feedback gives the learners information 
about how they perform a skill. With welding as an example, it involves many 
actions and steps, and KP is information related to the initial arcing action, 
travelling along the welding zone, ending movement as the task is completed, 
and other actions that produce a successful weld. When using KR feedback, 
instead of telling the learners what they performed correctly or incorrectly, 
they received information about how close their workpiece came to the goal. 
Researchers have proposed that both types of feedback are vital for motor skill 
learning (Mononen, 2007; Schmidt & Lee, 1999). In this study only KR was 
taken into consideration. Future research might incorporate KP feedback to fur-
ther delve into the results.

Finally, since the timing and choice of whether to conduct self-estimation of error 
in this study were pre-decided by the researchers, their effects are essentially con-
founded. Chiviacowsky and Wulf (2005) and Carter et al. (2014) found that timing 
(before or after skill completion) had a significant influence on performance. Partici-
pants who were asked to make the decision after a trial was completed (the self-after 
group) performed better than their counterparts (the self-before group) who made 
the decision before a trial. They argued that the self-after group was likely engaged 
in error estimation on activities with the goal of determining if the KR would pro-
vide beneficial information. The self-before group was not as likely to be involved 
in such a cognitive process, since they made the decision without further informa-
tion to evaluate its contribution. Such variations in the self-estimation of error might 
contribute to skill learning differentially, but were not examined in this study. They 
warrant further research.

Even with these limitations, this study adds much of value to the literature. This 
experiment yielded important information about the combined use of augmented 
feedback and the self-estimation of errors in learning a complex, utilitarian voca-
tional skill. This was seldom explored in existing studies, the majority of which 
examined a single factor only. In addition, understanding of the feedback effect on 
skill learning was extended beyond fields that most studies are interested in (physical 
education, exercise and sports science, fine and gross motor skills in child develop-
ment, and archaeology) to the vocational education context. Future research should 
replicate this study with other complex skills taught in vocational training and other 
populations to see if the findings hold and are generalizable.

Lastly, instructors in vocational education and training should be aware of how 
students use error estimation in motor skill learning particularly for beginners. They 
are encouraged to prepare valid scoring rubrics including specific criteria and clear 
descriptions of skill performance for specific tasks and to provide them to students 
in advance as a guide for self-evaluating performance and adjusting actions in sub-
sequent trials. Instructors could also compare their scores/ratings with those of stu-
dents, identify differences therein, and delve into why that might be the case to gen-
erate informative feedback for instruction.
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Appendix

Appendix A

Students’ checklist of grading criteria                ID:

Please compare your welding work with the benchmark piece based on the criteria

below at the 1st, 4th and 7th trials during the practice phase. Check your performance 

in terms of ‘Achieved’ or ‘Needs improvement’ for each criterion.  

Criteria
1st trial 4th trial 7th trial

Achieved Needs 
improvement Achieved Needs 

improvementAchieved Needs 
improvement

The weld zone is 
appropriate and uniform.
The weld corrugation is 
fine and uniform.
The weld's progress is in 
the right position.
The weld is in a straight 
line.
The welding work is 
completed correctly.
Overall performance is 
satisfactory. 
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