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The disfluency effect postulates that intentionally inserted desirable difficulties can have a beneficial effect on learning. Nevertheless, there is an ongoing discussion about the emergence of this effect since studies could not replicate this effect or even found opposite effects. To clarify boundary effects of the disfluency effect and to investigate potential social effects of disfluency operationalized through handwritten material, three studies (N1 = 97; N2 = 102; N3 = 103) were carried out. In all three experiments, instructional texts were manipulated in terms of disfluency (computerized font vs. handwritten font). Learning outcomes and cognitive load were measured in all experiments. Furthermore, metacognitive variables (Experiment 2 and 3) and social presence (Experiment 3) were measured. Results were ambiguous, indicating that element interactivity (complexity or connectedness of information within the learning material) of the learning material is a boundary condition that determines the effects of disfluency. When element interactivity is low, disfluency had a positive effect on learning outcomes and germane processes. When element interactivity increases, disfluency had negative impacts on learning efficiency (Experiment 2 and 3) and extraneous load (Experiment 3). In contrast to common explanations of the disfluency effect, a disfluent font had no metacognitive benefits. Social processes did not influence learning with disfluent material as well.
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INTRODUCTION
When managing complex and challenging learning tasks in multimedia environments, instructors should be aware that a high cognitive load hampers learning progress (Sweller et al., 2019). In this vein, research on designing appropriate instructional materials and procedures for multimedia learning has gained a lot of attention over the years. The aim is to support the learner to concentrate solely on learning and to eliminate unnecessary burdens (or unnecessary cognitive load) as far as possible. Nevertheless, there is an ongoing research on positive effects of designing learning material in a way that it is intentionally difficult to perceive. One approach is providing texts with a difficult-to-read font. What sounds paradox, however, has been established as the disfluency effect in educational research (Alter et al., 2007). The intentional insertion of disfluency, in this case, a difficult-to-read font can improve memorization skills because of metacognitive processes. This study focuses on investigating the disfluency effect operationalized through a handwritten text font. Disfluency is defined and discussed in the context of desirable difficulty, cognitive load, and social processes. Three experiments outline the role of disfluent materials and causal mechanisms of text design on learning processes.
LITERATURE REVIEW
Disfluency as Desirable Difficulty
The concept of disfluency can be traced back to research from James (1950) as well as Kahneman and Frederick (2002), who stated that human processing consists of two distinct cognitive systems. System one is quick, effortless, associative, and intuitive while system two is slow, effortful, analytic, and deliberate (Kühl and Eitel, 2016). Depending on the perceived task difficulty, one of the two systems is activated (Alter et al., 2007). If the learner perceives the information as easy to process, system one operates (Alter and Oppenheimer, 2009). Accordingly, system two will be stimulated when the information processing is perceived as difficult and requires deeper analytic processing. In this case, the learner invests more mental effort (Eitel et al., 2014). Alter et al. (2007) have shown that experienced difficulty motivated learners to process tasks more analytically. In this vein, intentionally inserted desirable difficulties (e.g., an illegible learning material) can have a beneficial effect on learning (Pashler et al., 2007; Bjork, 2013). When learners are facing a challenging design of the learning material, they invest more mental effort while processing the information more deeply (Strukelj et al., 2016). As difficult perceived tasks engage the learner to activate more elaboration strategies (Alter et al., 2007; Xie et al., 2018).
Adding difficulties to the learning material is also possible by manipulating the legibility of the text-font presented (e.g., Alter and Oppenheimer, 2009; Beege et al., 2021). It is assumed that “making text slightly harder-to-read fosters retention and understanding” (Eitel and Kühl, 2016, p. 108). When learners are confronted with hard-to-read learning materials, such difficulties motivate to process the information more deeply than it would be the case in easy-to-read learning materials (Xie et al., 2018). “With disfluent learning material learners perceive the task as more difficult and metacognitively regulate their learning approach by activating system two” (Seufert et al., 2017, p. 222). The cognitive task of encoding a text, therefore, relates to a metacognitive experience. Thus, metacognitive activities should be taken into account. Three main types of judgments are measured when discussing metacognitive activities in learning contexts (Nelson and Narens, 1990): ease of learning (EOL) judgments are made at the beginning of the learning period, after seeing the material for the first time which affects the allocation of study-time (Son and Kornell, 2008). Ease of learning judgments are particularly affected by the text font since no information about the complexity of the learning content is available at the time the judgment is made. Judgments of learning (JOL) are made after learning from the text and predict future memory performance (Dunlosky and Metcalfe, 2009). Finally, retrospective confidence (RC) assesses the confidence of the performance in a learning test (Dinsmore and Parkinson, 2013). These variables are used to calculate metacognitive accuracy scores to determine how accurate learners assume their performance in relation to their abilities and how learners adapt their strategies during learning (Pieger et al., 2016). Pieger and colleagues pointed out that disfluency enhanced absolute metacognitive accuracy, since more analytic metacognitive processes were initiated. Perceptual fluency might be a dominant cue for improving monitoring processes which led to more accurate judgements of learning performance.
The impetus for this field of research was provided by Diemand-Yauman et al. (2011) who investigated the effect of disfluency on memory performances more closely. Across two experiments with different samples (university students and high school students) they confirmed that texts with hard-to-read fonts (e.g., Hattenschweiler) led to better learning performances than presenting text with easy-to-read fonts (e.g., Arial). In another study, Eitel et al. (2014) tried to apply the disfluency effect to multimedia learning across four experiments. However, a benefit for disfluent material could be found only in the first experiment. The manipulation of the text and the pictures in Experiment 1 is of particular interest. The disfluent text was presented in the same way as in the study by Diemand-Yauman et al. (2011). Pictures in a less legible format were operationalized as a low-quality photocopy. An ANCOVA with spatial ability as covariate showed that participants with disfluent text outperformed participants with fluent text regarding transfer. However, no significant differences between the groups could be detected for retention. In line with assumptions of desirable difficulties, learners receiving less legible texts invested significantly more mental effort than learners confronted with legible texts. However, the Experiments 2, 3, and 4 were not able to replicate the learning-beneficial effect of disfluency.
Making texts perceptually harder-to-read can also be implemented by handwritten texts. For instance, a study by Geller et al. (2018) examined the impact of cursive text on students’ performance in a recognition memory task. Participants studied the learning material (word list) either with text in type-print, easy-to-read cursive, and hard-to-read cursive. The results confirmed that “cursive words were better remembered than type-print words, indicating that cursive script serves as a desirable difficulty” (Geller et al., 2018, p. 1114). However, the difference between easy-to-read and hard-to-read cursive script did not reach significance. The degree of disfluency, therefore, does not seem to be sufficient as a theoretical explanatory approach. Two additional experiments confirmed that the memory effect is also stable across different list designs and after a 24 h delayed learning test.
To sum up, empirical evidence for the learning beneficial effect of hard-to-encode instructional materials is not conclusive. Several experimental studies came to debilitating results and could not find any benefit for disfluency (e.g., Faber et al., 2017; İli̇c and Akbulut, 2019; Rummer et al., 2016; Yue et al., 2013). A meta-analysis by Xie et al. (2018) also questions the robustness of the disfluency effect in text-based educational settings. In this vein, no significant effects of perceptual disfluency were found on recall (d = –0.01) and transfer (d = 0.03) outcomes. Furthermore, the theoretical foundation, postulated by Alter et al. (2007) is questioned as well. Thompson et al. (2013) found that perceptual fluency had no impact on metacognitive judgements and metacognitive accuracy. In consequence, boundary conditions or further explanations have to be taken into account to explain these inconsistent findings.
Disfluency as Extraneous Cognitive Load
An explanation for the rather inconsistent findings in disfluency research can be provided by considering the Cognitive Load Theory (CLT; Sweller, 1988, Sweller, 2010), which represents a well-established and empirically verified framework. The goal is to provide instructional guidelines and design recommendations that efficiently use the limited working memory to promote learning (Paas et al., 2003; Sweller et al., 2019). The load imposed on the cognitive structures can be divided into three types (intrinsic, extraneous, and germane cognitive load; Paas et al., 2003; Sweller et al., 1998). However, recent publications assumed a two-factor model including intrinsic and extraneous load (e.g., Sweller et al., 2019; Jiang and Kalyuga, 2020). First, intrinsic cognitive load (ICL) can be defined as the internal complexity of the learning material (Kalyuga, 2011). It is determined by the task’s inherent element interactivity and the learner’s domain-specific prior knowledge (Sweller et al., 2019). The concept of element interactivity relates to the complexity of the information to be learned and can be classified on a continuum between low to high. More concretely, interactivity refers to the number of elements that must be processed simultaneously in working memory (Sweller, 1994). Working memory load is not only caused by the task’s inherent complexity, but also by a suboptimal design of the learning material. An inappropriate designed instructional format imposes extraneous cognitive load (ECL) and does not contribute to learning (Paas and Sweller, 2014). To facilitate schema construction and automation, extraneous processing should ideally be avoided (De Jong, 2010). Consequently, the instructional designer can manipulate the ECL while preparing learning materials (Klepsch et al., 2017). Intrinsic and extraneous cognitive load are in an additive relationship to each other and should be considered accordingly in the design (Paas and Sweller, 2014). When appropriate design principles ensure a reduction of the ECL, working memory capacities are freed for managing the tasks immanent element interactivity. However, meaningful learning is also possible, when comparatively low ICL does not require many working memory resources. In this case, high levels of ECL can be managed (Paas and Sweller, 2014). The third component, germane cognitive load (GCL), has experienced a redefinition over the years. Whereas older publications assumed that the GCL describes the required working memory capacities for managing the intrinsic load, current research attributes the GCL as a redistribution function (Sweller et al., 2019) and as active processing (i.e., mental effort; Jiang and Kalyuga, 2020). More precisely, GCL does not contribute to the whole load, but it rather allocates working memory capacities to activities being relevant for learning (Kalyuga, 2011).
The disfluency assumption can be seen as a counterpart to the CLT (Eitel et al., 2014; Lehmann et al., 2016; Xie et al., 2018). Implementing handwritten texts into the learning material might not be adequate for learning in general. In particular, when handwriting is hard to read (i.e., high disfluency), encoding errors can occur (Hartel et al., 2011). Hard-to-read handwriting affects the ECL since additional cognitive resources are required to deal with the inadequate instructional design (Seufert et al., 2017). In line with the CLT, illegible fonts must first be deciphered before learning can take place. In consequence, resources not relevant to learning are expended. Accordingly, receiving learning texts with rather hard-to-read letters induce extraneous load (Beege et al., 2021). A study by Seufert et al. (2017) proved that a high level of disfluency, where the text is barely legible, impedes learning success. Moderate levels of disfluency on the other hand can be quite conducive to learning, for example in terms of lower extraneous load perceptions, higher engagement, and better recall performances. Nevertheless, the authors emphasize the ambiguity about the learning-beneficial degree of disfluency, especially concerning extraneous load. İli̇c and Akbulut (2019) could also show that the combination of disfluent texts and animations causes higher extraneous cognitive load than the same representations in a fluent form. However, there are several studies that could not detect significant effects of disfluency on extraneous load (e.g., Eitel et al., 2014; Kühl et al., 2014).
Disfluency as Social Cue
Recent findings in the field of educational research suggest considering learning not as an exclusively cognitive process. Motivational, affective, meta-cognitive, and social impacts should also be taken into account, since learning engagement is determined by these factors (e.g., Moreno et al., 2001; Mayer et al., 2003; Moreno and Mayer, 2007). A recent framework regarding multimedia learning explicitly includes social variables (CASTLM; Schneider et al., 2018).
As outlined, disfluency can be operationalized as writing instructional test in handwritten form. In this context, disfluent texts can be viewed as encounters for social processes. Triggering social responses with handwritten texts can be explained with the embodiment principle (Mayer, 2014). It is assumed that the implementation of humanlike entities can lead to the feeling of social presence and being in a social communication situation. By activating a social reaction, an increase in active cognitive processing results in better retention outcomes (Mayer et al., 2004; Mayer, 2014). Unlike other techniques (e.g., interactive learning environments; Moreno and Mayer, 2007), presenting handwritten texts is a comparatively simple possibility to induce the perception of a social event (Reeves and Naas, 1996). Accordingly, the learning environment thus fulfills two functions: First, it delivers information about a certain topic to the learner (Mayer, 2001); and second, it induces the feeling of being in a social interaction with the computer (Mayer et al., 2003). When learners receive font as human-like, the trust mechanism could also have a learning-promoting effect. For instance, a learning situation in which the instructor has written the text could be created. Thus, using disfluent text should not only be discussed in the context of desirable difficulty or cognitive load. Disfluent text, under circumstances, should be discussed considering social learning theories as well since several studies prove the beneficial effect of social cues on learning (e.g., for the voice principle, Mayer et al., 2003; for the politeness effect, McLaren et al., 2011).
Hypotheses
As outlined, operationalizing disfluency through a handwritten font can have beneficial as well as detrimental effects on learning. In three experiments, the role of disfluency in learning scenarios should be specified considering cognitive, metacognitive, and social processes.
Hypothesis 1: From the perspective of disfluency as a desirable difficulty, a handwritten text font leads to more elaborated metacognitive activities since difficulties engage to process the information more deeply than it would be the case in easy-to-read learning materials (Alter et al., 2007; Xie et al., 2018). According to explanations provided by Pieger et al. (2016), disfluency should enhance absolute metacognitive accuracy since perceptual fluency might be crucial for more accurate judgements of learning performance. Thus, absolute metacognitive accuracy should be positively influenced by a harder-to-read, handwritten text font.
H1: Learners receiving an instructional text with a handwritten (hard to read) text font achieve a higher absolute metacognitive accuracy than learners receiving an instructional text with a computerized (easy to read) text font.
Hypothesis 2: From the perspective of disfluency as extraneous cognitive load, a handwritten text font negatively affects ECL since additional cognitive resources are required to read the information (Seufert et al., 2017). Illegible fonts must first be deciphered before learning can take place. In consequence, resources not relevant to learning are expended (Beege et al., 2021).
H2: Learners receiving an instructional text with a handwritten (hard to read) text font perceive higher extraneous cognitive load than learners receiving an instructional text with a computerized (easy to read) text font.
Hypothesis 3: From the perspective of disfluency as a social cue, a handwritten text font can trigger social processes and function as a cue for perceived social presence (embodiment principle; Mayer, 2014), by activating a social reaction an increase in active cognitive processing (Mayer et al., 2004; Mayer, 2014). When learners perceive a font as human-like, the trust mechanism could also have a learning promoting effect.
H3: Learners receiving an instructional text with a handwritten (hard to read) text font perceive higher social presence than learners receiving an instructional text with a computerized (easy to read) text font.
Hypothesis 4: Because of these opposing perspectives, it is difficult to postulate an effect of using handwritten text on learning. Furthermore, research findings are ambiguous. Some studies support a disfluency effect (e.g., Diemand-Yauman et al., 2011; Geller et al., 2018). Consequently, the metacognitive or social benefits when using handwritten fonts are more significant for learning processes than the detrimental effect of the increased ECL. Other experiments found opposing effects or no effects of disfluency on learning (e.g., Faber et al., 2017; İli̇c and Akbulut, 2019), indicating that the detrimental effects of ECL are more significant for learning or at least as significant as metacognitive and social benefits. In consequence, boundary conditions seem to determine which effect occurs most dominantly. In the current experiments, the element-interactivity of the learning material was investigated as a potential moderator of the effect. In a rather simple learning environment, metacognitive benefits can unfold since the working memory has enough capacity for encoding the disfluent font and the rising ECL does not significantly influence learning. If the material has a high element-interactivity, no resources are available for encoding the disfluent font and thus, the rising ECL leads to an overload which is dominant despite possible metacognitive or social benefits. Thus, two hypotheses are outlined.
H4a: Learners receiving an instructional text with a low element interactivity and a handwritten (hard to read) text font achieve higher learning outcomes than learners receiving an instructional text with a high element interactivity and a computerized (easy to read) text font.
H4b: Learners receiving an instructional text with a high element interactivity and a handwritten (hard to read) text font achieve lower learning outcomes than learners receiving an instructional text with a low element interactivity and a computerized (easy to read) text font.
To get first insights into learning with handwritten, disfluent texts, a first exploratory experiment with a low element interactivity was carried out. Learning outcomes and cognitive load was measures (Hypothesis 2 and 4). Because of the encouraging results, two additional experiments were conducted with more dependent measures to provide detailed insight. Whereas the first experiment explored the cognitive effects of a disfluent font as well as learning outcomes, the second experiment further included metacognitive variables (Hypotheses 1, 2, and 4). The third experiment further included social variables (Hypotheses 1, 2, 3, and 4). Additionally, exploratory mediation analyses are in the focus of the third main experiment, to determine if learning outcomes are causally effected by rather cognitive, metacognitive, or social processes and thus, to provide general theoretical implications of the emergence of a disfluency effect.
EXPERIMENT 1
Methods
Participants and Design. Overall, the discussed studies on the disfluency effect provided diverse effect sizes. Studies that supported the disfluency effect reported small to medium effect sizes (e.g., Eitel and Kühl, 2016) or medium to high effect sizes (e.g., Seufert et al., 2017). To detect, at least, a medium effect size concerning an one-factorial experiment with two factor levels, an a-priori power analysis (f = 0.25; α = 0.05; 1 - ß = 0.80) revealed that 102 participants must be acquired. With respect to this analysis, 97 secondary students (48.5% female; age: M = 11.79, SD = 0.48) participated in Experiment 1. Students were in the 5th (22.7%) or 6th (77.3%) grade. Prior knowledge of the participants (M = 0.76, SD = 0.74; with a maximum of five points) was low. Students attended secondary schools (Gymnasium) in XXX.
The participants were randomly assigned to two experimental conditions (handwritten font vs. computerized font) of a between-subjects design by drawing lots. Forty-seven students were assigned to the condition with handwritten font and 50 students were assigned to the condition with computerized font. For the experimental conditions, no significant differences existed in terms of age or prior knowledge, t(95) = [0.04, 0.13]; p = [0.90, 0.97] as well as gender, χ2 = 2.95; p = 0.09.
Materials. The learning material consisted of an instructional text. The text dealt with the geography, climatic characteristics, politics, culture, and language of the country Sweden. The topic was chosen since it was not part of the curriculum of these secondary students. Thus, prior knowledge was assumed to be low. The text had 672 words and was divided into five segments, which were presented on different web-pages. On average, 134.4 words were presented per segment. The participants could click on the forward or backward buttons to navigate through the web-pages. They could navigate and re-read the segments as often as they wanted. There was a finish button on the last page. Once this button had been clicked, the learning websites could no longer be accessed. The participants decided themselves how long they wanted to learn. In the computerized condition, the text was displayed in the legible font Arial. For the handwritten condition, the text was printed and traced to ensure that the size of the letters and the arrangement of the text on the page is identical. The used handwritten font was based on the standard school writing to ensure that the font clearly perceived as written by another person and disfluent but not completely illegible. A screen example of the experimental manipulation is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Screen example of the learning material of Experiment 1 (left: fluent; right: disfluent).
Measures. To assess prior knowledge, five open answer questions were presented (ω = 0.37). The questions covered the spectrum of knowledge that was later included in the learning text. Students were able to get one point per question (a maximum of five points). An example was: “What is the most common animal in Sweden?”.
A knowledge test was implemented to assess learning gain. In this vein, twelve multiple-choice questions (ω = 0.41; e.g., “The neighboring countries of Sweden are...”) and four open answer questions (ω = 0.70; e.g., “What is the capital of Sweden?”) were formulated. Multiple-choice questions refer to recognizing the learning content and open answer questions refer to the reproduction of information (e.g., Atkinson and Shiffrin, 1968). The multiple-choice questions consisted of two to four possible answers. From one to all of the answer options could be correct within a question. A participant gained one point if he or she marked the correct answer option or correctly not marked a wrong answer. Participants could reach up to 41 points for the multiple choice-question test. This approach was chosen because explicitly giving points for correctly rejecting false answers reduces blind guessing and leads to higher reliability of the knowledge test (Burton, 2005). Even if reducing guessing in knowledge tests might disadvantage learners with poor metacognitive monitoring skills (Higham and Arnold, 2007), a bias was avoided because of the randomized allocation of students to the experimental groups. The open questions could always be answered with a single or a few words or numbers. A preset of possible answers was created to ensure a rating that was as objective as possible. Overall, students were able to gain a maximum of 14 points. The low reliabilities might be explained by considering item construction. The items of both learning scales were designed to assess different sub-topics. Furthermore, items had different difficulties to create a broad variance in the answer behavior of the participants. In consequence, internal-consistency was restricted.
To measure cognitive load, the scale from Leppink et al. (2014) was implemented. The questionnaire consisted of ten items. Three items measured ICL (ω = 0.77; e.g., “The subjects in the learning environment were complicated”), three items measured ECL (ω = 0.53; e.g., “The explanations in the learning environment were unclear”) and four items measured GCL (ω = 0.85; e.g., “The learning environment improved my understanding of the topic I was working on”). Students were asked to rate these items on an 11-point Likert scale ranging from “not correct at all” to “totally correct”.
Procedure. The experiment was carried out in a computer lab parallel to normal school activity. Thus, the experiment was embedded in a school lesson and lasted 45 min. One class participated per experimental run (20–25 students). The working stations were prepared by opening the learning environment on the computer desktop (screen was turned off) and by placing the paper-pencil questionnaire on the desks. Students started with the paper-pencil questionnaire by completing the prior knowledge test. Afterward, the learning phase took place. Participants were instructed to turn on the monitor with the pre-opened learning material. Students read and navigated through the web pages. Finally, the dependent variables were assessed on the paper-pencil questionnaire in the following order: cognitive load, knowledge test, demographic questions.
Results
In the analyses of data, multivariate analyses of variance (MANOVAs) and univariate analyses of variance (ANOVAs) were conducted to assess differences between groups. For all variance analyses, disfluency (handwritten font vs. computerized font) was used as independent variable. Since no other variable (i.e., age, gender, prior knowledge) significantly differed among the experimental groups, no covariate was used for the analyses. Pre-defined test assumptions were only reported if significant violations occur. Descriptive results for all dependent variables are outlined in Table 1.
TABLE 1 | Means and standard deviations of all dependent variables of Experiment 1.
[image: Table 1]Learning Outcomes. A MANOVA was conducted with recognition (multiple-choice) and recall (open ended questions) as dependent variables. A significant main effect with a large effect size was found for disfluency; Wilk’s Λ = 0.70; F(2, 94) = 19.92, p < 0.001, ηp2 = 0.30.
Follow-up ANOVAs were conducted to get deeper insights into the significant main effect. A significant effect was found for the multiple-choice questions; F(1, 95) = 25.80, p < 0.001, ηp2 = 0.21 and the open-ended questions; F(1, 95) = 11.11, p = 0.001, ηp2 = 0.11. Students in the handwritten condition achieved higher learning outcomes than students in the condition with the computerized font.
Cognitive Load. A MANOVA was conducted with ICL, ECL and GCL as dependent variables. A significant main effect with a medium effect size was found for disfluency; Wilk’s Λ = 0.91; F(2, 93) = 3.09, p = 0.03, ηp2 = 0.09.
Follow up ANOVAs were conducted in order to get deeper insights into the significant main effect. A significant effect was found for GCL; F(1, 95) = 6.11, p = 0.02, ηp2 = 0.06. Students in the handwritten condition reported a higher GCL than students in the condition with the computerized font. No effects could be found with regard to ICL; F(1, 95) = 1.48, p = 0.23, ηp2 = 0.02 and ECL; F(1, 95) = 0.01, p = 0.93, ηp2 < 0.001.
Discussion
This first exploratory experiment was carried out to investigate the effects of a handwritten font in contrast to a computerized font. Results partly support the disfluency effect, since learning outcomes as well as active, generative processing were enhanced in the handwritten (disfluent) condition. This might be a first hint that using a handwritten font in educational settings can foster learning processes. In particular, when students are familiar with handwritten fonts (Ito et al., 2020) and if the degree of disfluency in handwritten fonts is rather low (Geller et al., 2018), handwritten fonts can foster learning. Since 5th and 6th graders often study with handwritten texts, disfluency through handwritten fonts can be effectively included in learning materials. Nevertheless, several limitations have to be discussed.
First, because of the exploratory nature of the study, several process variables were not assessed. Thus, no statements about metacognitive or social variables can be postulated. Furthermore, no effect regarding ECL could be observed. An explanation is the use of the CL questionnaire. ECL was assessed with items like “The explanations in the learning environment were unclear.” Thus, the scale was rather misleading and did not cover ECL regarding the used test font. Additionally, reliabilities of the multiple-choice questionnaire and the ECL subscale was rather low. Thus, results have to be interpreted with caution and might be explained by methodical flaws. Additionally, more data was necessary to generalize the findings across other knowledge domains and other study samples. Nevertheless, these first exploratory results were encouraging. In order to resolve the methodological problems of Experiment 1, two additional experiments were carried out.
In Experiment 2 and 3, the disfluency effect was investigated with a student sample to increase generalizability of the results. Furthermore, the learning topics were changed in the following two experiments. In Experiment 2, a mathematical topic and in Experiment 3, a natural-scientific topic was used as learning material.
EXPERIMENT 2
Methods
Participants and Design. Concerning the power-analysis conducted in Experiment 1, the acquisition of 102 participants was aimed for. One hundred and five participants (78.1% female; age: M = 23.81, SD = 10.25) participated in the experiment. Participants were university students from the XXXX. Students were enrolled in media communications (73.5%), instructional psychology (22.5%), and other fields of study (3.9%). Students got a 1-h course credit or 5€ as a reward for participating. Prior knowledge of the participants (M = 0.49, SD = 0.68; with a maximum of five points) was low.
The participants were randomly assigned to one of two experimental conditions (handwritten font vs. computerized font) of a between-subjects design by an online randomization software. Forty-seven students were assigned to the condition with handwritten font and 58 students were assigned to the condition with the computerized font. For the experimental conditions, no significant differences existed in terms of gender and field of study, χ2 = [0.11, 0.33]; p = [0.74, 0.85]. There were significant differences in terms of age, t(103) = 2.31; p = 0.02 and prior knowledge, t(103) = 2.12; p = 0.04 indicating that participants in the handwritten condition were younger and had more prior knowledge. Thus, age, as well as prior knowledge, were included as covariates in all analyses.
Materials. The learning material consisted of an instructional text which dealt with matrix calculation. Again, the topic was chosen, since prior knowledge of the participants was considered low. Furthermore, the change of subject might show to what extent the results of Experiment 1 can be generalized. The text had 725 words and was divided into eleven segments, which were presented on different pages. On average, 68.4 words were presented per segment. The material did not only consist of the instructional text. Mathematical formulas were presented to illustrate exemplary calculations. The participants could click on the forward or backward buttons to navigate through the websites. They could navigate and re-read the segments as often as they wanted and there was a finish button on the last page. Once this button had been clicked, the websites could no longer be accessed. The participants decided themselves how long they wanted to learn. In the computerized condition, the text was displayed in the legible font Times New Roman. For the handwritten condition, the text was printed and traced to ensure that the size of the letters and the arrangement of the text on the page is identical. A screen example of the experimental manipulation is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Screen example of the learning material of Experiment 2 (left: fluent; right: disfluent).
Measures. To assess prior knowledge (ω = 0.62), six open answer questions were presented. Because of the low inter-rater reliability, one item was excluded from the analyses (new reliability: ω = 0.68). The questions covered the spectrum of knowledge that was later included in the learning text. Students were able to get one point per question (a maximum of five points). An example was: “How do you multiply matrices?”. Inter-rater reliability of two independent rater with regard to the remaining five items was high, ICC (1, k) = [0.35, 0.96], F(104, 104) = [2.10, 47.85], p < 0.001.
A knowledge test was implemented to assess learning gain. In this vein, eight multiple-choice (retention) questions (ω = 0.58; e.g., “What is a vector?”) and seven arithmetic (transfer) problems (ω = 0.52; e.g., “Multiply the following vectors”) were formulated. Retention, as well as transfer, was measured to get a deeper insight into rather basal and more complex learning processes. According to Mayer (2014), retention can be defined as “remembering” content, which has been explicitly presented in an instructional text. Transfer knowledge is defined as “understanding.” The learners had to solve novel problems that were not explicitly presented in the instructional text by using the acquired knowledge (Mayer, 2014). The multiple-choice questions were designed as in Experiment 1. Participants could reach up to 32 points. The arithmetic problems had to be solved and calculated by the participants without additional tools. Students could reach one point per correct solution. Overall, students were able to gain a maximum of seven points.
In contrast to Experiment 1, cognitive load was measured with the questionnaire from Klepsch et al. (2017), which was chosen because the ECL subscale explicitly refers to recognition of information. Furthermore, the scale was found to be valid in various learning situations (Klepsch and Seufert, 2020). Two items measured ICL (ω = 0.84; e.g., “This task was very complex”). Three items measured ECL (ω = 0.78; e.g., “During this task, it was exhausting to find the important information”). Theoretically, germane processes (GCL) are subsumed under the facet of ICL (two-factor model; Jiang and Kalyuga, 2020). In the used questionnaire, ICL items rather refer to the complexity of the learning material and GCL items refer to active processing and mental effort (Klepsch et al., 2017). Thus, the GCL facet of the questionnaire was included separately. Two items measured germane processes (ω = 0.75; e.g., “My point while dealing with the task was to understand everything correct”). The participants had to rate the items on a 7-point Likert scale ranging from 1 (completely wrong) to 7 (completely correct).
The procedure for assessing metacognitive judgments and metacognitive accuracy was based on Pieger et al. (2016). Ease of learning (EOL) was measured by the question, “How easy or difficult will it be to learn the text?” on a scale from 0 (very difficult) to 100 (very easy). Judgments of learning (JOL) were measured twice, to assess if they could answer retention questions (“What percentage of the questions about the text will you answer correctly?”) and solve arithmetic problems (transfer performance; “What percentage of the arithmetic problems will you solve correctly?”) on a scale from 0 (no questions) to 100 (all questions). Retrospective confidence (RC) was measured by the question, “How confident are you that your answer is correct?” on a scale from 0 (unconfident) to 100 (confident). In line with the JOL questions, RC questions were implemented after the retention as well as transfer questionnaire. Metacognitive accuracy was calculated as absolute. The five metacognition scores (EOL, JOL [retention and transfer], and RC ratings [retention and transfer]) and the learning scores were z-standardized prior to analyses. Z-standardization was carried out for the whole sample in order to examine differences in metacognitive judgments and their relation to performance between the experimental groups. For the absolute accuracy calculation, the performance scores were subtracted from the five metacognition scores (Pieger et al., 2016). Non-standardized accuracy scores (differences between judgments and performance) can be found in Supplementary Appendix B.
Finally, the learning time in seconds and navigation (the number of switches between the web-pages) were tracked to get insight into the learning behavior of the participants. Concerning learning time, an efficiency score was conducted based on the formula from Van Gog and Paas (2008).
[image: image]
For p, performance scores (retention and transfer) were included and T was the learning time. Learning time as well as performance scores were z-standardized. Efficiency was calculated for retention and transfer performance separately.
Procedure. A computer laboratory at the university with ten identical computers was prepared before each experimental session. The online questionnaire was pre-opened at each workstation. Up to ten participants were tested simultaneously. Sight-blocking partition walls were used to ensure that the students worked independently. At the beginning of the experiment, the participants were told that the experiment was an instructional study on a science topic and were asked to answer the prior knowledge test. Then, they were given the link to the learning material and asked to take a preliminary look at the learning environment and the learning text. After 2 seconds, the participants were automatically redirected to a questionnaire and had to evaluate the EOL item. The learning phase then began. The students had to learn the material at their own pace. They were able to navigate freely between the individual learning segments. When they had finished the learning phase, the students had to rate two JOL items. They should predict how many questions they could possibly answer correctly (retention) and how many arithmetic problems they could possibly solve (transfer). Further, dependent variables were measured after finishing the learning phase. At the beginning of this questionnaire, the cognitive load was assessed. Afterward, retention and transfer were measured. One RC item had to be answered after the retention test and on RC item had to be answered after the transfer test. Finally, the students had to answer a demographic questionnaire. When all the tests had been completed, the participants could leave the room. The experiment lasted a total of 45 min.
Results
In the analyses of data, multivariate analyses of covariance (MANCOVAs) and univariate analyses of covariance (ANCOVAs) were conducted to assess differences between groups. For all variance analyses, disfluency (handwritten font vs. computerized font) was used as the independent variable. Age and prior knowledge were used as covariates in all analyses since these variables significantly differed between the experimental groups. Pre-defined test assumptions were only reported if significant violations occur. Descriptive results for all dependent variables are outlined in Table 2.
TABLE 2 | Means and standard deviations of all dependent variables of Experiment 2.
[image: Table 2]Learning Outcomes. A MANCOVA was conducted with retention (multiple-choice) and transfer (arithmetic problems) as dependent variables. Prior knowledge; Wilk’s Λ = 0.90; F(2, 100) = 5.49, p = 0.01, ηp2 = 0.10 but not age; Wilk’s Λ = 0.99; F(2, 100) = 0.34, p = 0.71, ηp2 = 0.01 was a significant covariate. A significant main effect with a large effect size was found for disfluency; Wilk’s Λ = 0.84; F(2, 100) = 9.77, p < 0.001, ηp2 = 0.16. Follow up ANCOVAs revealed a significant effect for retention; F(1, 101) = 19.67, p < 0.001, ηp2 = 0.16 but not for transfer; F(1, 101) = 0.18, p = 0.67, ηp2 = 0.002. In contrast to Experiment 1 students in the computerized font condition achieved higher retention outcomes than students in the condition with the handwritten font.
Cognitive Load. A MANCOVA was conducted with ICL, ECL, and GCL as dependent variables. Neither prior knowledge; Wilk’s Λ = 0.98; F(3, 99) = 0.78, p = 0.51, ηp2 = 0.02 nor age; Wilk’s Λ = 0.99; F(3, 99) = 0.33, p = 0.80, ηp2 = 0.01 were significant covariates. No main effect was found for disfluency; Wilk’s Λ = 0.98; F(3, 99) = 0.82, p = 0.82, ηp2 = 0.02.
Metacognition. A MANCOVA was conducted with EOL, JOL (retention and transfer), and RC (retention and transfer) as dependent variables. Prior knowledge; Wilk’s Λ = 0.80; F(5, 95) = 4.73, p = 0.001, ηp2 = 0.20 but not age; Wilk’s Λ = 0.97; F(5, 95) = 0.55, p = 0.74, ηp2 = 0.03 was a significant covariate. No main effect was found for disfluency; Wilk’s Λ = 0.99; F(5, 95) = 0.24, p = 0.95, ηp2 = 0.01.
After analyzing metacognitive measures, metacognitive accuracy scores were investigated. At first, absolute metacognitive accuracy with regard to retention performance was analyzed. A MANCOVA was conducted metacognitive accuracy scores (EOL, JOL [retention], and RC [retention]) as dependent variables. Neither prior knowledge; Wilk’s Λ = 0.98; F(3, 97) = 0.55, p = 0.65, ηp2 = 0.02 nor age; Wilk’s Λ = 0.98; F(3, 97) = 0.81, p = 0.49, ηp2 = 0.02 were significant covariates. A significant main effect with a large effect size was found for disfluency; Wilk’s Λ = 0.86; F(3, 97) = 5.34, p = 0.002, ηp2 = 0.14. Follow up ANCOVAs revealed a significant effect for all accuracy scores; F(1, 99) = [10.13, 12.20], p = [0.001, 0.002], ηp2 = [0.09, 0.11]. Students in the computerized condition had positive accuracy scores whereas students in the handwritten condition had negative scores. T-tests against zero revealed that students in the computerized condition overestimated their performance regarding all accuracy scores; t(57) = [2.66–3.22], p = [0.001–0.005], d = [0.35–0.43]. Students in the handwritten condition underestimated their performance with regard to all accuracy scores; t(46) = [-2.27–-2.41], p = [0.02–0.03], d = [-0.34–-0.35]. Second, absolute metacognitive accuracy with regard to transfer performance was analyzed. A MANCOVA was conducted metacognitive accuracy scores (EOL, JOL [transfer], and RC [transfer]) as dependent variables. Neither prior knowledge; Wilk’s Λ = 0.95; F(3, 97) = 1.84, p = 0.15, ηp2 = 0.05 nor age; Wilk’s Λ = 0.99; F(3, 97) = 0.44, p = 0.73, ηp2 = 0.01 were significant covariates. No main effect was found for disfluency; Wilk’s Λ = 0.99; F(3, 97) = 0.20, p = 0.90, ηp2 = 0.01.
Learning Time and Navigation. A MANCOVA was conducted with learning time and navigation as dependent variables. Neither prior knowledge; Wilk’s Λ = 0.98; F(3, 97) = 1.84, p = 0.15, ηp2 = 0.05 nor age; Wilk’s Λ = 0.99; F(3, 97) = 0.44, p = 0.73, ηp2 = 0.01 were significant covariates. A significant main effect with a small to medium effect size was found for disfluency; Wilk’s Λ = 0.93; F(3, 97) = 3.67, p = 0.03, ηp2 = 0.07. Follow up ANCOVAs were conducted in order to get deeper insights into the significant main effect. A significant effect was found for learning time; F(1, 98) = 6.70, p = 0.01, ηp2 = 0.06. Students in the handwritten condition learned longer than students in the condition with the computerized font. A significant effect was found for navigation; F(1, 98) = 4.72, p = 0.03, ηp2 = 0.05. Students in the handwritten condition navigated more often through the websites than students in the condition with the computerized font.
To analyze learning efficiency, a MANCOVA was conducted with learning efficiency with respect to retention and transfer as dependent variables. Prior knowledge; Wilk’s Λ = 0.90; F(2, 97) = 5.35, p = 0.01, ηp2 = 0.10 but not age; Wilk’s Λ = 0.99; F(2, 97) = 0.33, p = 0.72, ηp2 = 0.01 was a significant covariate. A significant main effect with a large effect size was found for disfluency; Wilk’s Λ = 0.80; F(2, 97) = 11.98, p < 0.001, ηp2 = 0.20. Follow up ANCOVAs showed a significant effect for retention efficiency; F(1, 98) = 24.03, p < 0.001, ηp2 = 0.20. Students in the computerized condition had a higher efficiency than students in the condition with the handwritten font. A significant effect was found for transfer efficiency; F(1, 98) = 4.99, p = 0.03, ηp2 = 0.05. Students in the computerized condition had a higher efficiency than students in the condition with the handwritten font.
Discussion
The second experiment was carried out to shed more light on the emergence of a potential disfluency effect. Interestingly, the results of Experiment 1 could not be replicated. In Experiment 1, learning scores as well as GCL was enhanced in the disfluent condition. These results were in line with the disfluency effect. In contrast, results of Experiment 2 mostly contradicted the disfluency effect. Students in the disfluent (handwritten) condition achieved worse retention outcomes and related to the learning time, students in the disfluent condition had lower accuracy scores than students in the fluent condition. No main effects of the metacognitive monitoring scores could be obtained but metacognitive accuracy scores showed that participants in the disfluent condition underestimated their learning skills at the beginning, during, and after learning. A disfluent font might discourage learners to invest effort into schema construction. Learners were discouraged by encoding this illegible information and consequently, learners might invest less effort into learning because they rated their learning success too low compared to their abilities. Learners were less focused which might lead to longer learning time and the need for additional navigation. This interpretation contradicts the common explanation of the disfluency effect pointing out that using disfluent fonts encourages learners to invest more effort and to use more elaborated learning strategies (Alter et al., 2007). Another explanation would be that, in line with common explanations, learners were encouraged to invest more effort in encoding the font because they realized that there might be a gap between the learning task and their cognitive skills. Though, the additional effort which was invested in encoding consumed too many cognitive resources and not enough resources for schema construction left. Nevertheless, students did not benefit from their additional study time which can be interpreted as a labor-in-vain effect (Nelson and Leonesio, 1988). In line with Experiment 1, no effects regarding ECL could be found. Cognitive effects were more likely to be unconscious or the findings cannot be explained explicitly concerning cognitive variables.
The differences between the results from Experiment 1 and 2 and the pre-study might be explained considering the new learning material. In Experiment 1, a learning material with comparative low element interactivity was used. Information could be learned, recalled, and applied without considering other information from the material. Furthermore, the information was rather surface knowledge since it was adapted to younger learners. The material might be so easy that learners were not engaged. The disfluent font made learners an effort to learn the material whereas students in the computerized condition did not invest many resources in learning the material and the disfluency effect occurred. In Experiment 2, the material was complex and had a high element interactivity. The presentation of this material in a disfluent font overtaxed learners because they have already invested a lot of resources in learning the complex content. The overtaxed learners underestimated their performance and did not compensate for the negative effects of the font through an adequate effort in learning. Altogether, using a disfluent font led to unfavorable learning conditions and learning behavior.
Overall, Experiment 1 and 2 pointed out that there might be no general disfluency effect. Boundary conditions seemed to determine if a handwritten text font has rather positive or negative effects on learning. Furthermore, social effects of handwritten learning material were not investigated in the first two experiments. In consequence, a third experiment was carried out 1) to investigate social variables in addition to cognitive and metacognitive variables, 2) to get additional insights in causal indirect effects on learning by conducting mediation analyses with these multidisciplinary process variables, and 3) to further investigate the influence of element interactivity on learning with disfluent material. Since Experiment 1 used low-interactivity material and Experiment 2 used high-element interactivity material, an instructional text with medium element interactivity was used as learning material.
EXPERIMENT 3
Methods
Participants and Design. Again, the acquisition of 102 participants was aimed for. One hundred and three participants (74.8% female; age: M = 22.71, SD = 2.97) participated in the experiment. Participants were university students from the XXXX. Students were enrolled in media communications (58.3%), instructional psychology (32.0%), and other fields of study (9.7%). Students got a 1-h course credit or they took part in a raffle for a 20€ voucher. Prior knowledge of the participants (M = 0.50, SD = 1.04; with a maximum of thirteen points) was low.
The participants were randomly assigned to two experimental conditions (handwritten font vs. computerized font) of a between-subjects design by an online randomization software. Fifty-seven students were assigned to the condition with handwritten font and 46 students were assigned to the condition with computerized font. For the experimental conditions, no significant differences existed in terms of gender and field of study, χ2 = [0.03, 1.54]; p = [0.46, 0.86] as well as age and prior knowledge; t(101) = [0.29, 1.03]; p = [0.31, 0.78]. In consequence, no covariates had to be included in further analyses.
Materials. The learning material consisted of an instructional text. The text dealt with the chemical process of pyrolysis. The topic was chosen since prior knowledge of the participants was considered low. The element interactivity of the material was higher than in Experiment 1 since not only basal facts that did not depend on each other were taught. The element interactivity of the material was further not as high as in Experiment 2 since single paragraphs displayed information that depends on each other but subtopics were self-contained. In Experiment 2, all information was necessary to understand the learning material to the end. Consequently, in comparison to Experiment 1 and 2, the material of Experiment 3 had a medium element interactivity. The text had 676 words and was divided into ten segments which were presented on different pages. On average, 67.7 words were presented per segment. The material did not only consist of an instructional text. One table (summarizing information about the different types of pyrolysis) and one figure (illustrating the yield of ethylene) were additionally included in the learning material. The participants could click on the forward button to navigate through the websites and there was a finish button on the last page. Once this button had been clicked, the websites could no longer be accessed. The participants decided how long they wanted to learn themselves. In the computerized condition, the text was displayed in the legible font Arial. For the handwritten condition, the text was printed and traced to ensure that the size of the letters and the arrangement of the text on the page is identical. A screen example of the experimental manipulation is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Screen example of the learning material of Experiment 3 (left: fluent; right: disfluent).
Measures. To assess prior knowledge (ω = 0.71), three open answer and three single choice questions were presented. The questions covered the spectrum of knowledge that was later included in the learning text. Students were able to get three to four points per open answer question and one point per single choice question (a maximum of thirteen points). An example was: “Where is pyrolysis used in practice?”. Inter-rater reliability of two independent rater with regard to the three open answers was high, ICC (1, k) = [0.55, 0.79], F(102, 102) = [3.51, 8.52], p < 0.001 or perfect (ICC = 1).
A knowledge test was implemented to assess learning gain. In this vein, a retention test (ω = 0.65; e.g., “What characterizes the thermo-chemical process of pyrolysis?”) consisting of eight multiple-choice questions and two open-answer questions, as well as a transfer test (ω = 0.65; e.g., “please specify, if the following chemical equations are a pyrolysis. Please substantiate your decision”) consisting of two multiple-choice questions and five open-answer questions was implemented. The scoring of the multiple-choice questions was similar to Experiment 1 and 2. For the open-answer questions, participants had to remember information that was explicitly in the text (retention) or decide if presented chemical equations are a pyrolysis and explain their decision (transfer). Inter-rater reliability of two independent rater and the three open-answer questions was high, ICC (1, k) = [0.77, 0.94], F(102, 102) = [8.85, 34.27], p < 0.001. In sum, students were able to gain 67 points for retention and 18 points for transfer.
Measurement of cognitive load (ICL: ω = 0.71; ECL: ω = 0.83; GCL: ω = 0.63), metacognitive variables and learning time was nearly identical to Experiment 2. The only difference from Experiment 2 is that only one JOL and RC score was assessed after learning phase, since no arithmetic problems had to be solved. Again, non-standardized accuracy scores are displayed in Supplementary Appendix B.
In addition to Experiment 2, social presence (ω = 0.73) was measured with a self-created scale based on a scale from Bailenson et al. (2004). Five items (e.g., “The text was impersonal”) measured if the participants had the subjective feeling of a social context. Students had to rate the items on a 7-point Likert scale ranging from 1 (absolutely wrong) to 7 (absolutely correct).
Procedure. The procedure was largely identical to the procedure of Experiment 2. The only difference was that the experiment was completely carried out online. In line with Experiment 2, students 1) were instructed, 2) answered the prior knowledge questions, 3) completed the learning phase and the metacognitive items, 4) completed the questionnaire concerning the dependent and demographic variables. The experiment lasted a total of 45 min.
Results
In the analyses of data, multivariate analyses of variance (MANOVAs) and univariate analyses of variance (ANOVAs) were conducted to assess differences between groups. Furthermore, mediation analyses were conducted to get a deeper insight into the causal processes during learning. Mediator analyses were carried out using PROCESS (Model 4; Hayes, 2017) with a bootstrap-sample of N = 5,000. For all variance analyses, disfluency (handwritten font vs. computerized font) was used as the independent variable. No covariates were used. Pre-defined test assumptions were only reported if significant violations occur. Descriptive results for all dependent variables are outlined in Table 3.
TABLE 3 | Means and standard deviations of all dependent variables of Experiment 3.
[image: Table 3]Learning Outcomes. A MANOVA was conducted with retention and transfer as dependent variables. No main effect could be found for disfluency; Wilk’s Λ = 0.97; F(2, 99) = 1.71, p = 0.19, ηp2 = 0.03.
Cognitive Load. A MANOVA was conducted with ICL, ECL, and GCL as dependent variables. A significant main effect with a medium effect size was found for disfluency; Wilk’s Λ = 0.89; F(3, 99) = 4.10, p = 0.01, ηp2 = 0.11.
A follow up ANOVA revealed a significant effect for ECL; F(1, 101) = 8.51, p = 0.004, ηp2 = 0.08. Participants in the handwritten font condition reported a higher ECL than students in the computerized condition. No effects were found regarding ICL; F(1, 101) = 0.01, p = 0.92, ηp2 < 0.001 and GCL; F(1, 101) = 0.12, p = 0.73, ηp2 = 0.001.
Metacognition. A MANOVA was conducted with EOL, JOL, and RC as dependent variables. A significant main effect with a high effect size was found for disfluency; Wilk’s Λ = 0.71; F(3, 99) = 13.21, p < 0.001, ηp2 = 0.29.
A follow up ANOVA revealed a significant effect for EOL; F(1, 101) = 38.051, p < 0.001, ηp2 = 0.27. Participants in the handwritten font condition reported a lower EOL (harder to learn) than students in the computerized condition. No effects were found regarding JOL; F(1, 101) = 3.42, p = 0.07, ηp2 = 0.03 and RC; F(1, 101) = 0.26, p = 0.61, ηp2 = 0.003.
At first, absolute metacognitive accuracy with regard to retention performance was analyzed. A MANOVA was conducted metacognitive accuracy scores (EOL, JOL, and RC) as dependent variables. A significant main effect with a large effect size was found for disfluency; Wilk’s Λ = 0.85; F(3, 94) = 5.69, p = 0.001, ηp2 = 0.15. Follow up ANOVAs revealed a significant effect for EOL accuracy; F(1, 96) = 12.20, p = 0.002, ηp2 = 0.11. In contrast to Experiment 2, students in the computerized condition had negative accuracy scores whereas students in the handwritten condition had positive scores. T-tests against zero indicated that students in the computerized condition underestimated their performance; t(44) = -2.55, p = 0.01, d = -0.38 whereas students in the handwritten condition overestimated their performance; t(52) = 2.62, p = 01, d = 0.36. No differences regarding JOL accuracy; F(1, 96) = 1.01, p = 0.32, ηp2 = 0.01 and RC accuracy; F(1, 96) = 0.05, p = 0.82, ηp2 = 0.001 could be observed.
Second, absolute metacognitive accuracy with regard to transfer performance was analyzed. A MANOVA was conducted metacognitive accuracy scores (EOL, JOL, and RC) as dependent variables. A significant main effect with a large effect size was found for disfluency; Wilk’s Λ = 0.77; F(3, 93) = 9.47, p < 0.001, ηp2 = 0.23. Follow up ANOVAs revealed a significant effect for EOL accuracy; F(1, 95) = 27.84, p < 0.001, ηp2 = 0.23 and JOL accuracy; F(1, 95) = 8.15, p = 0.01, ηp2 = 0.08. Again, t-tests against zero indicated that students in the computerized condition underestimated their performance; t[43, 44] = [-3.55, -2.19], p = [<0.001, 0.03], d = [-0.54, -0.33] whereas students in the handwritten condition overestimated their performance; t(52) = [1,87, 3.91], p = [< 001, 0.03], d = [0.26, 0.58]. No effect could be found for RC accuracy; F(1, 95) = 3.51, p = 0.06, ηp2 = 0.04 but descriptively, the direction of the effect is similar.
Learning Time. Levene’s test indicated unequal variances; F(1, 101) = 7.44, p = 0.01. Thus, an U test was conducted. No effect for disfluency could be found; U = 1,201.50, p = 0.47.
To analyze learning efficiency, a MANOVA was conducted with learning efficiency with respect to retention and transfer as dependent variables. A significant main effect with a medium effect size was found for disfluency; Wilk’s Λ = 0.91; F(2, 94) = 4.40, p = 0.02, ηp2 = 0.09. Follow up ANOVAs were conducted in order to get deeper insights into the significant main effect. A significant effect was found for retention efficiency; F(1, 95) = 7.53, p = 0.01, ηp2 = 0.07. Students in the computerized condition had a higher efficiency than students in the condition with the handwritten font. No effect was found for transfer efficiency; F(1, 95) = 0.08, p = 0.78, ηp2 = 0.001.
Social Presence. An ANOVA was conducted with social presence as dependent variable. A significant effect with a large effect size was found for disfluency; F(1, 101) = 29.12, p < 0.001, ηp2 = 0.22. Students in the handwritten font condition reported higher presence scores than students in the computerized condition.
Mediation Models. Mediation models were conducted to get deeper insights into how cognitive, metacognitive, and social variables influence learning with disfluent material. Concerning the previous findings, ECL, EOL, and social presence were used as mediators and learning outcomes (retention and transfer) were used as dependent variables. All variables were z-standardized.
For retention as dependent variable (see Figure 4), the mediator analysis showed no significant direct effect of disfluency on retention (β = –0.06; SE = 0.10; p = 0.54). When ECL, EOL and social presence were considered as mediator, this effect remained non-significant (β = 0.13; SE = 0.13; p = 0.32). As already outlined, using a handwritten font instead of a computerized font led to a higher ECL (β = 0.27; SE = 0.10; p = 0.01), a lower EOL (β = –0.51; SE = 0.09; p < 0.001) and a higher social presence (β = 0.48; SE = 0.09; p < 0.001). ECL had a negative impact on retention (β = –0.26; SE = 0.11; p = 0.02). Social presence (β = –0.14; SE = 0.12; p = 0.23) and EOL (β = 0.11; SE = 0.12; p = 0.39) had no impact on retention performance.
[image: Figure 4]FIGURE 4 | Indirect influence of disfluency on retention (β values are displayed; *p < 0.05); Mediators: ECL (extraneous cognitive load), EOL (ease of learning), social presence.
For transfer as dependent variable (see Figure 5), the mediator analysis showed no significant direct effect of disfluency on retention (β = 0.16; SE = 0.10; p = 0.11). When ECL, EOL and social presence were considered as mediator, this effect remained non-significant (β = 0.19; SE = 0.14; p = 0.16). As already outlined, using a handwritten font instead of a computerized font led to a higher ECL (β = 0.27; SE = 0.10; p = 0.01), a lower EOL (β = –0.52; SE = 0.09; p < 0.001) and a higher social presence (β = 0.47; SE = 0.09; p < 0.001). ECL (β = –0.09; SE = 0.12; p = 0.43), social presence (β = 0.03; SE = 0.12; p = 0.22), and EOL (β = 0.04; SE = 0.13; p = 0.77) had no impact on transfer performance.
[image: Figure 5]FIGURE 5 | Indirect influence of disfluency on transfer (β values are displayed; *p < 0.05); Mediators: ECL (extraneous cognitive load), EOL (ease of learning), social presence.
Discussion
Again, the results are rather ambiguous. In contrast to the previous experiments but in line with the hypotheses, a handwritten font increased ECL. Nevertheless, in Experiment 3, no main effect on learning could be observed but related to the learning time, students in the disfluent condition had a lower retention efficiency (but not transfer efficiency) than students in the fluent condition. Furthermore, in contrast to Experiment 2, participants in the disfluent condition overestimated their learning skills at the beginning and during learning. Even if learners in the disfluent condition had a higher EOL they did not metacognitively adapt their learning strategy to the increased demand through the illegible font. Furthermore, the experienced ECL might have such negative effects that the adaptation was insufficient. An additional hint for this explanation can be derived from the mediation analyses. Even if the mediation analyses detected no direct effect, these effects can be interpreted because the missing direct effect is not a gatekeeper for interpretation (Hayes, 2009). The only significant mediation could be observed concerning ECL and retention. Disfluency enhanced ECL which in consequence reduced retention outcomes. This indicated that disfluency had negative impacts on retention and retention efficiency because of cognitive factors and not because of metacognitive or social factors. Disfluency was, indeed, capable of increasing the perception of social presence but social presence did not influence learning outcomes. Nevertheless, overall, the implications of Experiment 3 are restricted since only mediation effects concerning retention but not transfer could be observed.
GENERAL DISCUSSION
Overall, serval differences between the three experiments could be observed. In hypothesis 1, it was assumed that a disfluent font should prevent learners from overestimating their learning performance and foster monitoring processes (Alter et al., 2007; Xie et al., 2018). The results of the current experiments were mixed. Learners in the disfluent condition underestimated their performance in contrast to participants in the fluent condition (Experiment 2). This effect is reversed in Experiment 3. The metacognitive benefits which are postulated to arise from learning with disfluent material cannot be supported in general. In consequence, hypothesis 1 has to be rejected. In hypothesis 2, it was assumed that a disfluent font negatively enhances ECL since additional cognitive resources are required to read and decipher the information (Seufert et al., 2017; Beege et al., 2021). This effect could only be observed in Experiment 3. In Experiment 1 and 2, no effects on ECL occurred. In consequence, hypothesis 2 can only partially be supported. Hypothesis 3 took the social perspective into account. Disfluency operationalized through a handwritten font can trigger social processes and act as a cue for perceived social presence (embodiment principle; Mayer, 2014). Concerning the results of Experiment 3, learners in the handwritten font condition reported higher social presence scores than participants in the computerized font condition. Thus, hypothesis 3 can be supported. Nevertheless, activating a social reaction should also increase cognitive processing and foster learning outcomes (e.g., Mayer et al., 2004; Mayer, 2014). This could not be supported by the data of Experiment 3, since mediation analyses pointed out that social presence had no effects on learning outcomes. Hypothesis 4 dealt with the influence of disfluency on learning outcomes in dependence of the element interactivity of the learning material. It was assumed that either an effect of desirable difficulty (e.g., Diemand-Yauman et al., 2011; Geller et al., 2018), no general effect (e.g., Faber et al., 2017), or a learning inhibiting effect, based on arguments of the CLT (e.g., Lehmann et al., 2016; Xie et al., 2018), could be found in the dependence or the element interactivity. Indeed, the results of the current studies indicate that boundary conditions determine the effectiveness or harmfulness of disfluent learning material. When learning with materials with low element interactivity (Experiment 1), beneficial effects of disfluency on learning outcomes and germane processing could be shown. Nevertheless, further process variables were not investigated in Experiment 1 and thus, further explanations cannot be taken from the data. If the element interactivity increases (Experiment 3), no general effects on learning could be observed. Nevertheless, investigating efficiency revealed that disfluency had detrimental effects on efficiency regarding retention. Overall, inducing ECL through disfluency might have rather suppressing effects on learning when the element interactivity increases. When the element interactivity is high (Experiment 2), disfluency had clearly negative effects on learning and learning efficiency. Thus, implications from the cognitive load perspective might be especially relevant for learning with complex material. Thus, hypothesis 4 could be supported. Nevertheless, it has to be discussed that these explanations have to be viewed with caution. At first, element interactivity was not investigated as a separate experimental factor. In consequence, not only element interactivity but also the learning material as a whole differed between all experiments. This approach was chosen to ensure content equivalence within the single experiments. Nevertheless, this led to the problem, that element interactivity cannot be clearly separated from the effects of the use of different learning materials. Different fields of knowledge might have a crucial influence on processing superficial aspects of the material like the font and in consequence, the written information. Results can thus, give first insights in the effect of element interactivity on learning, but results are rather exploratory and implications can only be drawn with caution. Furthermore, results are ambiguous, even within single experiments. For example, in Experiment 2, disfluency hindered learning performance indicating that disfluent material induced an unproductive load. Nevertheless, no effect on ECL could be observed. Furthermore, in Experiment 3, effects only occurred for retention processes. Transfer and transfer efficiency were not affected through disfluency. In consequence, the complexity of the learning process has to be considered. Rather basal memorization processes seemed to be stronger influenced by superficial structural changes of the learning material. More complex knowledge application processes were not or rather weakly influenced by changes in the legibility of the material.
Implications
On the theoretical side, there is a long and ongoing discussion on the emergence of the disfluency effect (e.g., Rummer et al., 2016; Faber et al., 2017; Geller et al., 2018; İli̇c and Akbulut, 2019). Because of the ambiguous results, researchers need to identify boundary conditions of the emergence of the disfluency effect, for example, the degree of disfluency (Seufert et al., 2017). The current experiments contribute to this discussion by considering element interactivity as moderator. Further, the current investigation operationalized disfluency as a handwritten font to investigate the potential social benefits of illegible fonts. The results of the experiments indicate that the learning fostering as well as learning inhibiting effects are rather based on cognitive factors than on metacognitive or social processes.
On the practical side, designers should be aware that the complexity of the learning material can influence how handwritten fonts are processed. This is especially important in situations where handwritten instructions are heavily used, for example in the classroom or university lecturers when the lecturer draws or writes on the board while teaching. Furthermore, element interactivity is usually medium to high in instructional situations since learners are constantly being thought new information based on previous instructions. Thus, in general, implications from the cognitive load theory should be considered to reduce additional ECL while learning.
Limitations and Future Directions
At first, the handwritten font has to be discussed. For the current study, standard school writing was used to ensure that the font is slightly disfluent but not illegible. Nevertheless, the perception of handwriting can differ in many variables like aesthetics and legibility. Even legibility can arise from many factors like serifs, tilt, or thickness of letters. Thus, it is hardly possible to provide generalized implications for the use of handwritten instructional material. Future studies could specify the effects of different characteristics of handwritten fonts by explicitly manipulate them in experimental studies.
Second, the current studies investigated learning of different materials dealing with different learning domains. In consequence, implications across multiple learning materials can be stated but element interactivity was not investigated with the same learning material restricting comparability. Future studies could explicitly manipulate element interactivity by using one learning material and increase complexity across experimental conditions to further investigate element interactivity as a moderator of the disfluency effect.
Third, the study assessed global metacognitive judgements in order to strengthen economics of the study. Nevertheless, further studies should consider measuring item-by-item judgements, because item-by-item judgements might be more accurate and rely more on metacognitive beliefs (e.g., Bjork et al., 2013).
Finally, the study was carried out with two university students and one young secondary student sample. Yet, handwritten learning materials are heavily used in nearly all educational stages. Thus, investigating primary school students and older secondary school students is important to further specify the role of handwritten materials on learning processes.
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