
Paper—Development of the Hands-free AI Speaker System Supporting Hands-on Science Laboratory…

Development of the Hands-free AI Speaker 
System Supporting Hands-on Science 

Laboratory Class: A Rapid Prototyping

https://doi.org/10.3991/ijet.v18i01.34843

Gyeong-Geon Lee, Minji Choi, Taesoo An, Seonyeong Mun, Hun-Gi Hong()

Seoul National University, Seoul, Republic of Korea
hghong@snu.ac.kr

Abstract—The recent progress of natural language processing (NLP), speech 
recognition, and speech generation envision using hands-free artificial intelli-
gence (AI) speakers in classrooms to support student learning. In science edu-
cation, conventional hands-on laboratory education has been considered crucial 
in fostering students’ manipulative experimentation skills. However, touching 
things with gloved hands other than experimental equipment and apparatuses is 
strictly restricted because of the safety issue, which calls for another channel to 
get timely support. Therefore, we ideated that adopting hands-free AI speakers in 
the hands-on science laboratory classroom would support student learning. Using 
the rapid prototyping method, we designed and developed an AI speaker-based 
system that answers student queries concerning solution-making, experimen-
tal processes, and waste liquid disposal, corresponding to the initial, middle, 
and final phases of a laboratory class. The system was internally validated by 
usability tests of 9 expert panels and 18 university students and then revised. 
The revised system was externally validated in an analytical chemistry experi-
ment class for 3 sessions with 13 university students. We present the result of the 
prototype development and internal and external validations with quantitative 
and qualitative data. The AI speaker system enabled students to use the auditory 
learning mode in the laboratory while concentrating on the experimentation with 
their hands in the external validation. Future research topics were suggested.

Keywords—AI in education (AIEd), hands-free AI speaker, hands-on science 
laboratory class, rapid prototyping, natural language processing (NLP)

1 Introduction & background

The innovative educational research and practices to follow up the rapidly changing 
contemporary world are now supported by Artificial Intelligence (AI) technologies [1]. 
The Natural Language Processing (NLP) technology has explosively grown due to the 
deep learning algorithms [2], which are relevant to converting human speech to text 
(STT; or speech recognition, SR) and text to human-like speech (text to speech, TTS; 
or speech generation). This technological development yielded products, services, and 
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platforms of AI-based smart speakers, such as Microsoft Cortana, Apple Siri, Amazon 
Alexa and Google Home [3]; and they are more and more integrated into our daily lives.

For decades, scholars have insisted that the AI in Education (AIEd) will bring inno-
vations in teaching and learning and suggested their framework for its roles [4–6]. 
Although there can be many frameworks of visions for AIEd, its epitome seems clear: 
the AI comes into the classroom where there are instructors and students, changes the 
processes of learning, reducing instructors’ burdens for repetitive work and allowing 
them to engage with more valuable teaching behavior, and supporting student learning 
in cognitive, affective, or any other learning modes (based on [6–8]).

However, there seems that there has not been much empirical research on the pos-
sibilities of AI Speakers in Education (AISEd), and there is still a need for explorative 
studies on its utility in being an intelligent agent to answer students’ questions based on 
natural languages. (cf. [9]) Some innovative research on AISEd has focused on the pos-
sibility of native language or English education [6, 10–11]. Nevertheless, it seems that 
there has been little research that incorporated AI speakers into the science classroom.

Science education has emphasized the ‘hands-on’ laboratories science 1980s [12]. 
In the usual hands-on science laboratory class, students gather weekly in the lab and con-
duct an experiment to get data, which is interpreted in light of scientific theories. And the 
important learning mode in the so-called hands-on laboratory class is kinesthetic [13] as 
they are expected to foster experimentation skills [14–15]. Students manipulate appara-
tuses and equipment such as beakers and other glassware, pipettes, pH meter, UV-VIS 
spectrometers, and treat reagents that need caution to avoid accidents [16]. Therefore, 
strict safety rules compel students to wear latex gloves, goggle, and lab coats and not 
allow them to touch non-experimental items with gloved hands, such as door handles, 
elevator buttons, smartphones, laptops and even lab notes (see [17]).

Consequently, in principle, students cannot freely access the information they need 
during the experiment and cannot help but ask TA frequently. Here, the ‘hands-free’ 
characteristic of the AI speaker stands out – as a user need not use their hands to operate 
it but verbally calls a system to get the information they require, students in a science 
laboratory class will also benefit from it, without mitigating the safety rules. Therefore, 
the need for empirical research that implements AI speakers in an authentic laboratory 
teaching and learning site arise.

In this study, the researchers took the design and development (D&D) research 
approach for the hands-free AI speaker system supporting a hands-on science labora-
tory class. As the product of this research is a novel instructional tool, the rapid pro-
totyping (RP) method that acquires user feedback for revision before the final field 
test would be helpful. Throughout the development and evaluation of the AI speaker 
system, the researchers would investigate its merits based on the responses of experts 
in AI, educational technology, and science education, and university students. And fur-
ther, the current status, limitations, and future directions for the AI speaker system in 
the science laboratory class will be discussed.
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2 Research questions

1. How the prototype of the hands-free AI speaker system supporting a hands-on 
science laboratory class is developed using the RP approach?

2. How was the result of the internal validation of the prototype of the hands-free AI 
speaker system supporting a hands-on science laboratory class?
2.1. What were the responses from experts?
2.2. What were the responses from university students?

3. How was the result of the external validation of the prototype of the hands-free 
AI speaker system supporting a hands-on science laboratory class? (what were the 
responses from university students who experienced the system in the authentic sci-
ence laboratory classroom?)

3 Method

3.1 Design and development research

D&D research is “the systematic study of design, development and evaluation pro-
cesses with the aim of establishing an empirical basis for the creation of instructional … 
tools” [18]. D&D research is categorized as follows – Type I: Product & tool research 
and Type II: Model research [18]. As the former is relevant to this study, we focused on 
the specific product and yields context-specific lessons learned from developing it and 
analyzing the conditions for its optimal use [19].

3.2 Rapid prototyping approach

This study took an RP approach [20–21]) to develop a hands-free AI speaker system 
supporting hands-on laboratory classes. As the RP involves the typical stages of analy-
sis, design, development, implementation, and evaluation (ADDIE) while emphasizing 
the formative evaluation and iterative process [22], we followed the generic steps.

3.3 Research field

The research field of this study was Hankuk University (pseudonym), located in 
Seoul, Republic of Korea. Two considerations arose from the characteristics of the 
research field: (1) As the STT technology of the Korean language is behind that of 
the English language, the performance of the AI speaker also reflects its current level. 
(2) Most student participants in this study were enrolled in the Department of Chemistry 
Education – i.e., most of them were pre-service chemistry teachers.

3.4 The ADDIE process

Need analysis and design of the AI speaker system. The researchers of this study 
consisted of one expert, one doctoral candidate, and three master’s students of chemistry 
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education. They all had a teacher’s license for secondary chemistry. They had years of 
university laboratory teaching experience.

As a need analysis, the researchers reviewed literature related to the characteristics 
of hands-on science laboratory education (e.g. [12, 14–15]) to analyze the need for the 
AI speaker system for hands-on laboratory classes (cf. [23]). And they preliminarily 
asked several pre-service chemistry teachers what functions of the AI speaker system 
would help them take laboratory classes. As a result, the researchers concluded that 
a supporting tool for hands-on science laboratory class should reduce the instructors’ 
repeated work and promote student learning, particularly for necessary but repetitive 
work in the laboratory class – i.e., solution-making, checking experimental procedures 
and disposing of liquid waste according to safety rules. The three functions of the AI 
speaker system derived from those needs are presented in Table 1. And the overall con-
ceptual flow chart for the system is illustrated in Figure 1.

Table 1. Summary of three functions of hands-free AI speaker 
system supporting hands-on science laboratory class

Function Target Phase of the 
Laboratory Class Need References

(1) Solution-making 
helper

The beginning – Students must calculate the amount of 
reagent needed to make various kinds of 
solutions using complex formulas.

[24–27]

(2) Experimental 
process helper

The middle – Students repeatedly check that they 
are proceeding well according to the 
experimental procedure.

– Students frequently question the reason 
and issues of a certain procedure.

[28–30]

(3) Liquid waste 
disposal helper

The end – Students must dispose of liquid wastes 
into each safety container according to 
their property.

[31–33]

Fig. 1. Conceptual flow chart (scenario) of the AI speaker 
system supporting hands-on laboratory
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The NUGU platform required the AI speaker to be connected online to receive a 
signal from the servers. Therefore, it was considered that the AI speaker should be con-
nected to the Wi-Fi as a network environment. If the Wi-Fi speed increases, the time 
required to SR, NLP, and respond to user articulation would decrease. Therefore, the 
network environment had to be accessible to high-speed Wi-Fi.

Meanwhile, the user-AI speaker interface was designed. As most AI speaker platform 
provides a Q&A system with alternate articulation between the user and the speaker, 
this study followed the structure. The three functions were initially designed to have 
a single-turn conversation – i.e., the user asks a speaker a question in a sentence and 
the speaker answers for that. While designing and testing function 1, the need for error 
handling arose while the function needed to recognize three parameters from the user’s 
speech. Therefore, the researchers took a multi-turn approach to recognize a parameter 
from the user’s single articulation.

Development of the prototype. We developed the prototype of the AI speaker sys-
tem upon the NUGU AI speaker platform serviced by SK Telecom Co., Ltd. In the 
platform, entity means a developer-defined category of word tokens; intent implies the 
user’s intention while speaking to the AI speaker, inferred by a combination of entities; 
and action means the AI speaker’s response matched with each intention. We defined 
the required entities, intents, and actions in the NUGU Player Builder (Figure 2). The 
examples of entity, intent, and action for each function are presented in Figure 3. And 
we trained the natural language understanding (NLU) model in the NUGU platform by 
inputting several word tokens for an entity and dozens of sentences that include a com-
bination of entities for an intent. The actions of function 2 and function 3 were directly 
saved in the Play. Meanwhile, the external proxy server was connected to function 1 in 
the JSON format using Python Flask to calculate the amount of reagent.
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Fig. 2. Example of the development on the NUGU play builder
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Internal validation as a formative evaluation. The researchers shot a video that 
shows a person using the AI speaker prototype with three functions in sequence. In the 
video, a person awakes the system and asks the speaker how to make a specific solution 
(function 1), what is the first or second step of the experimental procedure (function 2), 
and where to dispose of a couple of kinds of waste liquids (function 3), and finally ends 
the session. The video was about 2 minutes long.

The participants of the internal validation consisted of two groups: the expert 
review panel and the student group. The expert review panel consisted of nine experts 
from three fields – three from AI technology, three from educational technology, and 
three from science education. They were asked to read the documents related to the 
background and process of this study, watch the video, and respond to an individual 
interview, explicating their thoughts on the system. The student group consisted of 16 
pre-service chemistry teachers, 1 in-service chemistry teacher, and 1 chemistry gradu-
ate student. Ten of the pre-service teachers were taking an Analytical Chemistry Exper-
iment (ACE) class for the secondary pre-service chemistry teachers.

The items for the usability test were adopted from the PACMAD (People At the 
Centre of Mobile Application Development) usability model [34]. Further, we asked 
them about the pros and cons of the system and suggestions for the system revision.

External validation as a summative evaluation. We implemented the hands-free 
AI speaker system supporting a hands-on science laboratory class. The research field 
was the ACE class at Hankuk University mentioned above. Thirteen university students 
(pre-service chemistry teachers) who took the course participated in the study.

While revising the AI speaker system based on the results of the internal validation, 
the researchers implemented and observed students using each function of the system 
in a laboratory session (Table 2). The scene of students using the AI speaker-based 
laboratory class supporting system was videotaped.

Table 2. Functions of the hands-free AI speaker 
system supporting hands-on science laboratory class

Session Content of Experiment Tested Function

1 Production and standardization of KMnO4 solution Solution-making helper

2 Titration in the non-aqueous solvent Experimental process helper

3 Iodiometric titration of Vitamin C Liquid waste disposal helper

After the three sessions with the AI speaker system, students were asked to respond 
to the survey. The survey consisted of three parts: (1) The system usability scale (SUS) 
consisted of 10 items on a 5-point Likert scale [35]. (2) The researchers newly devel-
oped a survey to investigate students’ Perceptions of an AI Speaker System in a Science 
Laboratory Classroom (PASS-SLC) that consisted of 18 items on a 5-point Likert scale. 
It was developed with reference to the previous literature on the technology acceptance 
model or usability of AI speakers or chatbots [36–39], and the learning outcomes of 
the science laboratory class [14–15]. (3) The survey included open-ended questions at 
the end of SUS and PASS-SLC, asking, “why did you think like that for these items?” 
And the survey asked students about the pros and cons of the AI speaker system and 
suggestions for future revision.
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4 Results

4.1 The prototype of the AI speaker system supporting hands-on science 
laboratory class

Figure 4 represents the one-shot demonstration video of the prototype of the AI 
speaker system developed in this study, which is about 2 minutes long. At first, a 
researcher awakened the system by calling ‘Aria’ (the designated name of the agent 
in the NUGU platform) (Figure 4a and b). After the Play was loaded, a researcher 
requested function 1 to function 3 in sequence, which the speaker successfully per-
formed (Figure 4c–v). Note that, during the multi-turn conversation in function 1, the 
speaker handled an error recognizing the VOLUME entity (Figure 3), asking the user 
again (Figure 4h–k). After the user finished testing all the functions, he commanded to 
shut down, which was realized (Figure 4w–x). The response time of the AI speaker for 
each articulation of the user took a couple of seconds.

4.2 Internal validation

The survey scores from the expert review panel and university students are presented 
in Table 3.

Table 3. The PACMAD quantitative survey result of internal validation (1–4 scale)

Category Item Expert (N = 9) Student (N = 18)

User Effectiveness 3.55 (.53) 3.29 (.69)

Efficiency 3.44 (.73) 2.88 (.86)

Average 3.5 (.56) 3.09 (.59)

Task Satisfaction 3.22 (.67) 3.18 (.57)

Learnability 3.67 (.71) 3.65 (.61)

Average 3.44 (.58) 3.41 (.57)

Content Memorability 3.89 (.33) 3.59 (.62)

Error 3 (.5) 2.76 (.75)

Cognitive load 3.78 (.5) 3.44 (.63)

Average 3.56 (.29) 3.26 (.44)

Overall 3.51 (.3) 3.25 (.43)

Expert review panel. Experts evaluated the effectiveness of the prototype at 3.55 
and efficiency 3.44, which were averaged to 3.5 in the user category. They scored the 
satisfaction of it at 3.22 and learnability 3.67, which were averaged to 3.44 in the task 
category. Finally, they scored the memorability of it at 3.89, error 3, and cognitive load 
3.78, which were averaged to 3.56. The overall score of the quantitative survey from 
expert review panel was 3.51, which is quite positive (> 2.5) on the 4-point Likert scale.
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Fig. 4. Demonstration video of the prototype of a hands-free AI 
speaker system supporting hands-on science laboratory class
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University students. University students evaluated the effectiveness of the proto-
type at 3.29 and efficiency 2.88, which were averaged to 3.09 in the user category. They 
scored the satisfaction of it at 3.18 and learnability 3.65, which were averaged to 3.41 
in the task category. Finally, they scored the memorability of it at 3.59, error 2.76 and 
cognitive load 3.44, which were averaged to 3.26. The overall score of the quantita-
tive survey from university students was 3.25, which is positive (> 2.5) on the 4-point 
Likert scale.

Suggestions for the prototype revision. In the interview, experts pointed out that the 
SR performance should be improved. Also, they suggested that more student questions 
should be recognizable to the speaker and further proposed that the scenario should be 
more elaborated for each function. Practically, they ideated that a brief introduction 
to what the speaker can provide to students is needed. Students similarly proposed 
processing more questions in the system, and the scenario should be more elaborated.

Consequently, the researchers were able to revise the AI speaker system before the 
external validation process, as follows: (1) The system awakening was simplified; 
(2) The number of error handling was increased for function 1; (2) Another entity- 
intent-action was added to function 2 – providing additional tips not presented in the 
experiment manual (Figure 3); (3) Another entity was added to function 3 to handle 
questions such as “where should I dispose of a solution after titrating I2?”; (4) More 
sentences were put to train the NLU model more precisely; and (5) The manual for 
using the AI speaker system was prepared.

4.3 External validation

Figure 5 shows the implemented AI speakers in the ACE course and the manuals 
provided to students.
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Fig. 5. AI speaker system installed in the science laboratory classroom (red circle) (a)  
and an example of the manual provided beside the speaker (b)

Function 1 – solution-making helper. At the beginning phase of the experiment, 
students asked the AI speaker system the amount of reagent needed to make a solu-
tion (Figure 6). First, a student called the system (Figure 6a) and requested a solu-
tion-making helper (Figure 6b). As the speaker did not catch what he had said, he bent 
toward the speaker to let it hear his voice clearer, which succeeded in calling function 1  
(Figure 6c). Then, the student and AI speaker made a conversation about the reagent, 
concentration, and volume of the solution to make a potassium permanganate solution, 
and consequently, the AI speaker gave the student answer to the question (Figure 6d–f). 
As the AI speaker was installed at the fume hood where the reagent needed to make a 
solution was kept, the student could make a solution according to the direction of the 
AI speaker.
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Fig. 6. The use of AI speaker function 1 – solution-making helper

Function 2 – experimental process helper. At the middle phase of the experiment, 
students asked the AI speaker system what they should notice in the procedure. At the 
‘titration in the non-aqueous solvent’ experiment session (Table 2), a student called the 
system (Figure 7a) before asking the speaker about the indicator’s color change at the 
titration endpoint. However, at first, the AI speaker system did not detect student’s say-
ing (Figure 7b). Although the student tried again, the speaker malfunctioned and played 
pop music, which made the other students laugh (Figure 7c and d). It was the last time 
she succeeded in calling the system and got the information – the indicator changes its 
color from purple to blue (Figure 7e and f).

Fig. 7. The use of AI speaker function 2 – experimental process helper
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Function 3 – liquid waste disposal helper. At the end phase of the experiment, 
students asked the AI speaker system in which container (acid, base, organic, or inor-
ganic) to dispose of certain liquid waste. In Figure 8a, a student asked a colleague where 
to dispose of Arsenic trioxide (As2O3), and in response, she suggested that they would 
ask it to the AI speaker system (Figure 8a). She called the system, and it responded by 
asking her what waste liquid she wanted to dispose of (Figure 8b). When she answered 
the AI speaker concerning Arsenic trioxide, the speaker gave her appropriate informa-
tion – i.e., it is an inorganic waste liquid. Then she wondered, making an exclamation 
(“Oh~”) (Figure 8d).

Fig. 8. The use of function 3 – liquid waste disposal helper

System Usability Scale (SUS). The overall SUS score scaled to 0–100 was 63.85 
(Table 4). Bangor et al. [35] reported that the mean SUS score from about 3,500 sur-
veys from 273 studies was 69.5. Therefore, the SUS score in this study is lower than 
the average. Consequently, this score lies in the range of “good” SUS score with “mar-
ginal” acceptability [35]. Also, items 1 and 10 satisfied benchmark scores for average 
SUS studies (≥ 3.39, ≤ 2.09, respectively), and item 7 satisfied that for industrial sense 
(≥ 4.19) [40]. These items show the strengths of the system developed in this study.

Table 4. The SUS quantitative survey result of external validation (N = 13) (1–5 scale)

Item No. Question Mean [SD]

1 I think that I would like to use this product frequently.p 3.69 (.85)*

2 I found the product unnecessarily complex.n 2.54 (1.05)

3 I thought the product was easy to use.p 3.62 (.77)

4 I think that I would need the support of a technical person to be able to use 
this product.n

2.77 (1.17)

5 I found the various functions in the product were well integrated.p 3.46 (.78)

(Continued)
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Item No. Question Mean [SD]

6 I thought there was too much inconsistency in this product.n 2.62 (1.04)

7 I imagine that most people would learn to use this product very quickly.p 4.31 (.75)**

8 I found the product very awkward to use.n 2.54 (1.05)

9 I felt very confident using the product.p 3 (.82)

10 I needed to learn a lot of things before I could get going with this product.n 2.08 (1.12)*

Overall SUS score 63.85

Notes: p: positive statements, n: negative statements; *: satisfies an average item benchmark; **: satisfies a 
common industrial item benchmark

In an open-ended question aligned with the SUS, students responded that the AI 
speaker system was “easy to use,” “easy to learn,” “convenient,” “simple,” “intuitive,” 
or “not complex nor difficult,” which elaborates their response to the item no. 3, 7, and 
particularly 10. Therefore, it seems that the perceived ease of usage led to students’ 
willingness to use the AI speaker system (item 1).

Meanwhile, students responded that there are some weaknesses in the system, which 
are related. (1) The inflexible structure (plot) of the “command” or conversation “as 
written in the manual” and the number of questions they should articulate was inconve-
nient (seven students). (2) The SR accuracy of the AI speaker was problematic, which 
led to the incorrect reaction of the system (e.g., not responding, playing pop music).

Perceptions of an AI Speaker System in a Science Laboratory Classroom 
(PASS-SLC). The overall average score of PASS-SLC items was 3.35 (Table 5). 
Students responded that they could ask the speaker how they usually speak (M = 3.46) –  
however, the speaker did not understand their intentions well (M = 2.46). Notably, the 
answers from the AI speaker was easy to understand (M = 4.31), with correct informa-
tion (M = 3.85), consistently (M = 4.15), and reliably M = (4.08). However, the sys-
tem was not convenient compared to calculators or smartphones (M = 2.69). Although 
they responded that the laboratory class became safer due to the AI speaker system 
(M = 3.62), it was not comfortable to use the system compared to asking friends or 
TA (M = 2.62). They perceived that using the system did not help them gain more 
scientific knowledge (M = 2.23). However, the same question for the scientific skills 
scored higher (M = 2.85), and the question for the attitudes toward science class got a 
positive response (M = 3.46). It seems that it was not due to the change in the laboratory 
class process (M = 2.77), the roles of instructors’ (M = 2.92) or students’ (M = 3), nor 
the reduced performance time (M = 2.77). Rather, their fun (M = 4.46) and enjoyable 
(M = 4.54) user experience with the AI speaker system probably led to their increased 
perception of attitude toward science class.

Table 4. The SUS quantitative survey result of external  
validation (N = 13) (1–5 scale) (Continued)
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Table 5. The PASS-SLC quantitative survey result of external validation (N = 13) (1–5 scale )

Item No. Question Mean [SD]

1 I was able to ask the speaker in the way I usually speak. 3.46 (0.88)

2 The speaker understood the intention of my question well. 2.46 (0.66)

3 The answer of the speaker was easy to understand. 4.31 (0.63)

4 The speaker told the correct information needed for the laboratory class. 3.85 (0.99)

5 The information the speaker told was consistent. 4.15 (0.99)

6 The information the speaker told was reliable. 4.08 (0.95)

7 The system was more convenient for getting the information I wanted than 
using calculators or smartphones.

2.69 (1.03)

8 The laboratory class became safer than before through this system. 3.62 (0.87)

9 Using the system was more comfortable than asking friends or TA. 2.62 (1.26)

10 As a result of using the system, I could gain more scientific knowledge. 2.23 (0.73)

11 As a result of using the system, I could gain more scientific skills. 2.85 (1.14)

12 As a result of using the system, I could gain more attitudes toward science 
class.

3.46 (1.2)

13 The process of laboratory classes using the system became different from 
before.

2.77 (1.24)

14 The role of the instructor has changed in the laboratory class using the 
system.

2.92 (1.04)

15 The role of the students has changed in the laboratory class using the system. 3 (0.91)

16 The laboratory performance time has been reduced when using the system. 2.77 (1.09)

17 The user experience of the system was fun. 4.46 (0.66)

18 The user experience of the system was enjoyable. 4.54 (0.52)

Overall average of PASS-SLC items 3.35 (1.17)

In an open-ended question aligned with the PASS-SLC, students responded that 
rather than asking the system, “asking TA” or “using a calculator” to get information 
would be more “convenient,” “fast,” and “correct” (items 7 and 9). Also, four students 
problematized the structured way of asking the speaker as “complex” and “took time” 
(item 16). The reason for this was the SR accuracy (four students). And three responded 
that the AI speaker system would be useful when the SR accuracy increases.

Pros, cons, and suggestions for revision. Students pointed out the pros of the AI 
speaker system implemented in the classroom as follows: First, five out of thirteen 
acknowledged the high “accessibility” of the system, which could be used “easily” 
“whenever” they wanted, and this feature drew students’ interest (two students) 
(items 1, 12, 17, and 18 in the PASS-SLC; Table 5). Second, three students appreciated 
that the system had freed their hands, lest they repeatedly put on and off the gloves 
to touch things other than experimental, which supports keeping safety (one student). 
Further, three students responded that the workload of the TA has been reduced due to 
the AI speaker system.
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5 Discussion

5.1 Research question 1

The ADDIE process of developing and validating the hands-free AI speakers sup-
porting hands-on science laboratory classes shown throughout this study answers 
research question 1.

It should be noted that the available technology largely shaped the characteristics of 
the prototype. First, the AI speaker system developed in this study is ‘explainable.’ As 
explainability is becoming increasingly important for ethics in AIEd [7–8], the char-
acteristic of AISEd should be appreciated and further pursued. Meanwhile, one of the 
reasons for non-satisfying SR accuracy is attributed to the current state of the Korean 
NLP (cf. [41]), which is lower than that of the English. Thus, we can anticipate different 
responses if the equivalent research was conducted in English-speaking situations or 
any other context, which calls for further study [5].

5.2 Research question 2

The responses of experts and university students had commonalities and differences 
in the PACMAD items. The categories that scored highest and lowest were similar. For 
example, the learnability, memorability, and cognitive load categories took the first to 
third ranks in both groups (Table 4). The issue of explainability mentioned above can 
be connected to the learnability and memorability in the PACMAD. Also, reducing the 
cognitive load is the main contribution of AIEd [7–8]. These signify that the AI speaker 
system satisfied those criteria, possibly leading to students’ concentration on hands-on 
experimentation. Further, the experts and students said the error is the most concern in 
the PACMAD in parallel, providing corresponding suggestions for revising the proto-
type. These showed the possibilities and current status of the AI speaker system in the 
science laboratory.

However, there were some differences between the perceptions of experts and stu-
dents. The experts’ PACMAD scores were higher in every category and thus overall 
items compared to those of students. Particularly, the efficiency showed the most gap 
between experts (3.44) and students (2.88) (Table 4), which was backed up by the 
open-ended questions. For example, experts said, “an AI speaker is efficient because it 
answers to the query immediately,” “hands must be used in the laboratory environment 
in general, but one can get an answer for his/her question by just an articulation,” “if it 
can be realized, it would be definitely helpful for the safe experimentation and would 
reduce time,” and “it adds to efficiency because one can ask for information and get an 
answer.” On the contrary, students said that “it takes a too long time to get an answer,” 
“one may feel jammed up because it takes a long time asking and getting an answer,” 
and “I think it is very good and positive, but it seems to have a long way to go.”

Reflecting on the differences, it seems that the experts’ background experiences 
made them evaluate the prototype positively. Meanwhile, students may have imag-
ined the realistic situation the AI speaker is implementing in their laboratory class-
room, making them not give high scores. Future research that scrutinizes why there 
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are disparities in the perceptions of introducing AI (speaker) into a classroom between 
educational experts and students would be meaningful.

5.3 Research question 3

First, the mobile characteristics of the AI speaker enabled its optimal use according to 
each function – from the fume hood, laboratory table, or near the liquid waste container. 
Second, it is manifest that the unsafe situations in that students touch non-experimental 
things with their gloved hands reduced significantly. It inherently leads to the third 
strength, the incorporation of another learning mode – i.e., auditory one – into the sci-
ence laboratory class to support students’ experimentation. Much literature has shown 
that visual (V), kinesthetic (K), and reading/writing (R) learning modes are important 
in science laboratories in the hands-on inquiry, minds-on inquiry, and lab report writ-
ing [12–15]. However, almost no research seems to have pointed out that the auditory 
(A) learning mode can be utilized in a science laboratory class, which complements 
the VARK multi-modal learning [42]. This implies that the implementation of the AI 
speaker in the lab raised a significant, noteworthy theoretical thesis for the science 
education field.

The interpretation of the SUS score needs caution. According to Bangor et al. [43], 
while the mean SUS score of interactive voice response (IVR) systems was 73.84 
(N = 401), that of a combinatory Web/IVR system was 59.45 (N = 50). Further, recent 
studies on the usability of Amazon Alexa showed a score of 63.69 (N = 61) [39]. These 
indicate that the SUS score of this study (63.85) is intermediate as an AI speaker. There-
fore, according to the SUS score, the product of this study shows promises and suggests 
future research implications of AI speakers supporting hands-on science laboratories, 
although the immediate industrial or practical implications might be few.

The result of the PASS-SLC survey shows that the most strength of the AI speaker 
supporting the science laboratory class can be its affordance to draw students’ interest 
in a science laboratory class. In the PASS-SLC, students responded that they did not 
directly gain more knowledge or skills through the system – however, if we expect the 
affective domain to lead to active engagement in laboratory activities, the development 
of knowledge and skills might follow in a long-term sense.

Manifestly, the most urgent problem for the suggestions for future revision is improv-
ing the AI speaker’s SR accuracy (in Korean) to catch students’ natural language articu-
lations. It would enable more functions and a flexible conversation structure of AISEd 
optimized in various situations, reducing resources spent on error handling.

However, the instructional designers shall not just rely on the advancement of 
technologies but contemplate the possible remedies for problems listening from the 
learners. University students, who were pre-service chemistry teachers, suggested both 
increasing SR accuracy and allowing flexible conversations. At first glance, it seems 
contradictory and has a trade-off relationship. However, students suggested the key-
word-based conversation for the AI speaker system in the external validation. It seems 
possible to catch two birds with one stone, even with the current technologies. Research 
focusing on the type of conversation (natural language-based versus keyword-based) 
in AISEd should follow.
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6 Conclusion

Using the RP method, we designed and developed a hands-free AI speaker-based 
system that answers student queries concerning solution-making, experimental pro-
cesses, and waste liquid disposal, corresponding to the initial, middle, and final phases 
of a hands-on laboratory class. The system was internally validated by usability tests 
of 9 expert panels and 18 university students and then revised. The revised system 
was externally validated in an analytical chemistry experiment class for 3 sessions 
with 13 university students. We presented the result of the prototype development and 
internal and external validations with quantitative and qualitative data. The AI speaker 
system enabled students to use the auditory learning mode in the laboratory while con-
centrating on the experimentation with their hands in the external validation. It can be 
considered as opening a channel for the auditory learning mode in science laboratory 
class to the previous visual, reading/writing, and kinesthetic modes to complement the 
VARK multi-modal learning.

One of the novelties of this case study lies in its research field – a science laboratory 
classroom filled with Korean-speaking learners. Ironically this leads to the need for 
more generalizable instructional knowledge (see [18]). Although this study carefully 
designed, developed, and implemented an AI speaker system for the science laboratory 
class, it does not provide comprehensive principles, guidelines, or models for future 
designers of AI speakers used in a classroom. Therefore, research that presents design 
principles for or model of AISEd in authentic teaching and learning sites should follow.
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