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A B S T R A C T 

Background. Educational technology (EdTech) is often said to democratize learning in Indo-
nesia. In remote island regions the promise falls short: poor connectivity and thin infrastruc-
ture keep the digital divide in place. Frugal innovation builds effective solutions from limited 
resources and may offer a context-aware response. 

Objective. We designed, implemented, and evaluated “Lentera”, a low-bandwidth, asynchro-
nous, offline-first learning system for primary literacy and numeracy in remote Indonesian 
schools. 

Methods. Mixed-methods Design-Based Research came first. A school-level controlled evalua-
tion followed over one academic year in six primary schools in the Maluku Islands (three in-
tervention, three control; 302 students; 34 teachers). Data comprised literacy and numeracy 
pretests and posttests, System Usability Scale (SUS) surveys, usage logs, interviews with 18 
teachers, and more than 80 hours of classroom observation. Students were nested in schools, 
so we fitted a two-level Hierarchical Linear Model (HLM). 

Results. Lentera was feasible to implement. Teachers received more than twice as many mod-
ules through offline peer-to-peer sharing as through internet downloads. After controlling for 
pretest scores, the intervention group scored higher in literacy (γ = 11.85, p < 0.001) and nu-
meracy (γ = 12.91, p < 0.001). Mean SUS scores were 81.2 (teachers) and 75.8 (students). In-
terviews and observations described more student-centered, differentiated teaching and 
closer collaboration among teachers. 

Conclusion. A frugally designed, offline-first learning system was feasible. It was associated 
with higher literacy and numeracy in remote schools, in line with the aims of Kurikulum 
Merdeka. Replication with more schools is needed before the effects can be generalized. 
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1. Introduction 

Indonesia is an archipelago of more than 17,000 islands. 
Over the past several decades it has made large gains in access 
to basic education. Quality has not kept pace, and many observ-
ers now speak of a persistent “learning crisis”. In international 
assessments such as the Programme for International Student 
Assessment (PISA), Indonesian students repeatedly fall in the 
lower quartiles on foundational skills like literacy and numer-
acy. Going to school, in other words, does not reliably turn into 
learning.1,2 

The gap between well-resourced urban centers, such as 
those on Java, and isolated rural and remote regions is wide and 
defining. Schools in the remote east of the archipelago face 

many problems at once. Facilities are poor. Good learning ma-
terials are chronically scarce, and trained, supported teachers 
are in short supply.3,4 Poor connectivity, limited facilities, and 
educator shortages have been documented in frontier, outer-
most, and disadvantaged regions.5 Against this background of 
deep inequity, educational technology (EdTech) has been pre-
sented as a possible remedy. The COVID-19 pandemic then sped 
up the growth of a lively Indonesian EdTech market, and large 
sums went into platforms meant to digitize learning.  

Many platforms in this market, however, assume stable, fast 
internet and high digital literacy. In the regions that stand to 
gain most, they have often been ineffective and exclusionary.6–8 
Remote instruction by video or online delivery has been evalu-
ated in several rural and school settings.9,10 We describe the 
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result as a “socio-technical vicious cycle”. Communities that 
most need what EdTech can offer are the least able, in infra-
structure and in income, to reach it. The educational gap does 
not narrow. It may widen, because technology can deepen the 
inequalities it was supposed to ease. Teachers’ readiness for 
technology also varies widely.11 

This study set out to break that cycle. We drew on frugal in-
novation, a design philosophy that builds effective, high-value 
solutions from limited resources by deliberately keeping com-
plexity and cost low.12–14 Most work on the concept comes from 
business and technology settings,15–18 although frugal ap-
proaches have also been proposed for education.19 We chose to 
design for the world as it is in remote Indonesia, not for an ide-
alized, well-connected one. The work took place within Indone-
sia’s national education reform, the Merdeka Belajar 
(Emancipated Learning) policy, implemented through the Ku-
rikulum Merdeka curriculum. The policy asks for a move from 
rote memorization toward student-centered, differentiated, 
and competency-based learning.20–22 Our expectation was that 
a frugally designed tool, built in direct response to local con-
straints, could help make that reform workable by giving teach-
ers the resources to carry out its pedagogical vision. 

What is new here is the deliberate and systematic use of fru-
gal innovation as the guide for both technological design and so-
cial implementation, combined with a field evaluation in the 
demanding setting of remote Indonesian schools. Design-Based 
Research (DBR) lets iterative design be joined to systematic 
evaluation in real settings.23–25 The outcome is a practical arti-
fact, the “Lentera” learning system, and an account of how tech-
nology can be fitted to its context to advance educational equity. 
The study had three aims that shaped every phase. The first was 
to design and develop, with educators, a low-bandwidth, asyn-
chronous, offline-capable digital learning system (named “Len-
tera”, the Indonesian word for lantern), based on frugal 
innovation and aligned with the pedagogical goals of Kurikulum 
Merdeka. The second was to implement the system in a real, re-
source-constrained primary school setting in remote Indonesia 
and to evaluate its feasibility, usability, and adoption by teach-
ers and students. The third was to estimate its effect on literacy 
and numeracy by comparing intervention and control schools 
with a school-level controlled design and multilevel statistical 
analysis.  

2. Methods 

2.1 Study design 

The research was planned in four sequential phases over 18 
months. It used a multi-phase, mixed-methods Design-Based 
Research (DBR) approach. DBR suits this work for two rea-
sons.23–25 It supports the iterative development and refinement 
of an educational intervention (the “Lentera” system) in a real 
setting. It also yields theoretical insight about learning and tech-
nology integration in such settings. The original submission de-
scribed the design as quasi-experimental, yet schools were 
assigned by a random sequence. It is therefore reported here as 
a school-level controlled study. Guidelines exist for reporting 
both cluster-randomized and non-randomized evaluations.26,27  

2.2 Phase 1: Contextual inquiry and needs analysis 

The first phase was a contextual inquiry into the educational, 
social, and technical environment of the target communities. 
Our team carried out ethnographic fieldwork in selected com-
munities in Maluku province. We chose the region for its archi-
pelagic geography, cultural diversity, and marked 
developmental disparities, which make it a representative case 
of eastern Indonesia. The fieldwork included in-depth semi-
structured interviews with 34 teachers and 6 principals across 
several islands, focus group discussions with parents, and over 
80 hours of direct classroom observation, and the questions 
concerned daily teaching practice, curricular challenges, 

available resources, and community attitudes toward education 
and technology. 

A technical audit ran alongside the fieldwork to map the dig-
ital landscape. We measured mobile signal strength (2G, 3G, 4G) 
and ran data speed tests at different times of day in and around 
the schools. Weak mobile data signals were sometimes availa-
ble, though only briefly and often after a walk to a particular 
hilltop or coastal point. Reliable, continuous internet suitable 
for streaming or large downloads was entirely absent inside the 
schools. This finding settled our choice of an offline-first, asyn-
chronous architecture.  

2.3 Phase 2: Co-design and system development 

The needs analysis gave us rich data, and a six-month co-de-
sign process followed to develop the “Lentera” (Lantern) learn-
ing system. Three principles of frugal innovation guided it: 
minimize complexity, maximize resourcefulness, and concen-
trate on core functions. The system became a lightweight, 
standalone Android application whose priority was asynchro-
nous, offline use on low-cost tablets. 

Content centered on foundational literacy and numeracy for 
the primary grades. Every module, quiz, and activity was tied to 
the competency-based structure of Kurikulum Merdeka. To 
keep the material relevant and give teachers ownership, we 
held four participatory design workshops with the 18 teachers, 
following co-design principles28–31 from the schools that later 
formed the intervention group. The workshops were more than 
feedback sessions. Teachers helped shape the user interface 
and chose content, and above all they worked out ways around 
the connectivity problem. 

This joint work produced the main architectural features of 
Lentera: 

“Trickle-Syncing”: a background service. Whenever it de-
tects even a minimal data connection, it downloads highly com-
pressed content modules patiently and intelligently, without 
any action from the user. 

Offline Peer-to-Peer Sharing: devices pass downloaded mod-
ules to other devices with no connection at all, using Wi-Fi Di-
rect or Bluetooth. One teacher’s successful download thus 
became a resource for the whole school. 

Concrete Learning Modules: content was built to be interac-
tive and engaging. A Grade 2 literacy module taught syllables 
(suku kata) through a game in which students dragged and 
dropped syllables to form words that matched images of local 
fauna. A Grade 4 numeracy module borrowed the idea of a local 
market stall for gamified quizzes on multiplication and division, 
with familiar goods such as fish and spices. Grounding learning 
content in local culture and environment has precedent in Indo-
nesian curriculum work.32 

2.4 Phase 3: Implementation and evaluation 

Setting and Participants: We recruited a purposive sample of 
six public primary schools from two island districts in Maluku 
province. Both districts depend largely on subsistence fishing 
and agriculture, and public infrastructure, electricity included, 
is limited and often unreliable. Teacher qualifications there are 
frequently below the national average, and multi-grade teach-
ing is common. We matched the six schools into three pairs on 
school size, student-to-teacher ratio, existing community re-
sources, and the complete absence of reliable internet. Within 
each pair, a computer-generated random sequence assigned 
one school to the intervention group and the other to the con-
trol group. This approach gave an intervention group of three 
schools, with 18 teachers and 154 students, and a control group 
of three schools, with 16 teachers and 148 students.  

Intervention and Training: Each of the 18 intervention teach-
ers received a low-cost Android tablet with the Lentera applica-
tion pre-installed. Before the academic year began they also 
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attended a two-day training workshop. The training protocol 
had been planned with care: 

Day 1: Technical Familiarization. The aim was confidence 
with the hardware and software, and topics were basic tablet 
operation, moving around the Lentera interface, managing con-
tent modules, and practicing the offline peer-to-peer sharing 
feature. 

Day 2: Pedagogical Integration. Here the focus moved from 
“how to use” the tool to “how to teach” with it. We introduced 
strategies aligned with Kurikulum Merdeka, including rota-
tional learning stations, small-group targeted instruction with 
Lentera, and lesson plans that mix digital activities with tradi-
tional hands-on work. The control schools received no interven-
tion. They kept their usual teaching, which typically relied on a 
single textbook and whole-class lecturing. 

2.5 Data collection 

Data Collection Strategy: We designed a many-sided strategy 
to capture the whole picture of the intervention’s impact. 

Learning Outcomes: All students in both groups sat the Indo-
nesian Foundational Learning Assessment for Primary (IFLAP), 
an instrument described by the authors as standardized and 
culturally validated, as a pretest and posttest to measure 
growth in literacy and numeracy.  

Usability: At the end of the ten-month intervention, all 18 in-
tervention teachers and a random sample of 50 students from 
the intervention group completed the industry-standard Sys-
tem Usability Scale (SUS) survey, which gauges perceived ease 
of use. 

System Usage: The Lentera application logged anonymized 
usage data passively, and these data included the number and 
type of modules accessed, session durations, and how often con-
tent arrived by internet download rather than peer-to-peer 
sharing. 

Qualitative Data: To follow the process of adoption and its 
effect on teaching, we held post-intervention semi-structured 
interviews with all 18 intervention teachers, and a second 
round of intensive classroom observations took place in the in-
tervention schools. 

2.6 Phase 4: Data analysis 

The last two months went to a full mixed-methods analysis. 
Students were nested within schools, so the learning outcomes 
were analyzed with a two-level Hierarchical Linear Model 
(HLM). This approach accounts for the non-independence of ob-
servations. It also gives a more accurate estimate of the inter-
vention effect by splitting variance between the student and 
school levels. We first computed the Intraclass Correlation Co-
efficient (ICC) from an unconditional model. The ICC shows 
what share of the variance in posttest scores lies at the school 
level and so confirms whether a multilevel model is needed. The 
unconditional model was specified as: 

Yij = β0j + rij 

β0j = γ00 + u0j 

where Yij is the posttest score of student i in school j. 

The main analysis used a two-level random-intercepts 
model with the student’s posttest score as the outcome. To con-
trol for prior ability, the pretest score entered at Level 1 as a 
covariate (group-mean centered). Intervention status (1 = In-
tervention, 0 = Control) was the key Level 2 predictor. The final 
fitted model was specified as: 

PostTestij = β0j + β1j(PreTestij − PreTest.j) + rij 

β0j = γ00 + γ01(Interventionj) + u0j 

β1j = γ10 

Here, γ01 is the estimated average difference in posttest 
scores between the intervention and control groups, controlling 
for pretest scores. The SUS surveys and the system usage logs 
were analyzed with descriptive statistics. With only six schools, 
school-level tests rest on few degrees of freedom, and small-
sample corrections are advisable.33–36  

Interview transcripts and observation field notes were ana-
lyzed together by thematic analysis.37 We built an initial coding 
framework from the research questions. Two researchers 
coded a subset of the data on their own to establish inter-coder 
reliability.38 They then discussed and settled any discrepancies 
and refined the final framework. That framework was applied 
to the full dataset to identify the main themes: pedagogical 
change, teacher collaboration, and student engagement.  

2.7 Ethical considerations 

Regional educational authorities and the institutional review 
board of the Enigma Institute approved the study protocol (Ap-
proval number 2024/102). All participating teachers, and the 
guardians of all student participants, gave informed written 
consent.  

3. Results 

3.1 Feasibility and usability 

Deployment was feasible: usage logs showed sustained use 
by teachers and students across the ten-month academic year, 
and Table 1 gives the figures. The usage patterns fit the frugal 
design philosophy. Peer-to-peer (P2P) sharing was an im-
portant route for content distribution. On average, teachers re-
ceived more than twice as many modules through local offline 
sharing as through direct internet downloads (Table 1). This in-
dicates that the design worked within the severe connectivity 
limits of the setting. Observation showed teachers working the 
devices creatively into daily routines: individual student work, 
collaborative small-group activities, and whole-class instruc-
tion with the tablet screen shown through low-cost portable 
projectors. One teacher described the social meaning of the P2P 
feature: 

“In the beginning, we worried about the signal. But we 
made a schedule. Every Tuesday, Teacher B, whose house is 
near the hill, would go up to ‘hunt’ for a signal. If he got even 
one or two new modules, it was a victory. He would come 
back to school the next day, and within minutes, we would 
all gather, and he would share them with everyone. The sig-
nal became a community task, not a personal problem. The 
real magic was not the internet, but the sharing.” 

 

Table 1. Key usage metrics for the Lentera system (N = 18 teachers, 154 students). 

Metric Mean (per teacher) SD Total (across all users) 

Modules downloaded (via internet) 24.5 6.2 441 

Modules received (via P2P sharing) 58.3 12.5 1,049 

P2P sharing events initiated 15.7 4.8 282 

Student logins (per week) 21.4 8.9 ~385 (per week) 

Average session duration (minutes) 18.5 5.1 N/A 

Quizzes completed (per student) 45.2 11.3 6,960 

Note. SD = standard deviation. Totals follow from the per-teacher means (for example, 24.5 × 18 = 441).  
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Users rated Lentera’s usability very favorably. The 18 teach-
ers gave a mean System Usability Scale (SUS) score of 81.2 (SD 
= 6.5), and the 50 surveyed students gave 75.8 (SD = 8.2). The 
unweighted mean of the two group means was 78.5; weighted 
by the number of respondents it was 77.2. Both values are 
above the commonly cited average of 68 and fall in the “B+” 
grade range of published SUS norms,39–41 which indicates high 
perceived usability. Interviews and observations agreed. Teach-
ers and students repeatedly praised the simple, icon-based nav-
igation and the uncluttered interface. One teacher compared it 
with other software they had seen: 

“The government sometimes gives us programs, but they 
are so complicated, with so many menus and options, you 
need training just to find the ‘on’ button! Lentera was 

different. It is simple. The children understood the icons im-
mediately. This simplicity is its strength; it helps me teach 
instead of getting in the way.” 

3.2 Learning outcomes 

The intervention group showed larger gains in student 
learning than the control group. Table 2 gives the pre- and post-
test scores for the intervention and control groups. Both groups 
began at almost identical baselines in literacy and numeracy. 
Over the academic year the intervention group made larger 
gains: in literacy, 16.3 points against 4.3 in the control group; in 
numeracy, 16.5 against 3.7. From the printed means and pooled 
SDs, the standardized posttest differences were about 1.25 (lit-
eracy) and 1.34 (numeracy). 

 

Table 2. Pretest and posttest scores for literacy and numeracy by group. 

Assessment Group N Pretest, mean (SD) Posttest, mean (SD) 

Literacy Intervention 154 52.4 (10.1) 68.7 (9.8) 

 Control 148 51.9 (10.5) 56.2 (10.2) 

Numeracy Intervention 154 48.6 (9.8) 65.1 (9.5) 

 Control 148 48.1 (10.2) 51.8 (10.3) 

Note. Values are mean (SD). Scores were obtained with the IFLAP. Mean gains: literacy, 16.3 (intervention) and 4.3 (control); numeracy, 16.5 and 3.7. 

 

An unconditional HLM analysis came first. It showed that 
clustering by school explained a considerable part of the vari-
ance in posttest scores, for literacy (ICC = 0.21) and for numer-
acy (ICC = 0.19), which supported a multilevel approach.42 The 
main HLM analysis, controlling for pretest scores, found a posi-
tive association of the Lentera intervention with learning out-
comes. Table 3 gives the full results of the two-level Hierarchical 
Linear Model (HLM) analysis for literacy and numeracy. The 
model was built to isolate the unique effect of the intervention 
while holding constant two things: students’ prior academic 
ability, and the grouping of students within schools. 

The literacy model shows a clear pattern of growth. Its fixed-
effects coefficients are average effects across all schools. The In-
tercept (γ00 = 56.41) sets a baseline. It is the estimated average 
literacy posttest score of a student in a control school with an 
average pretest score, and everything else is read against it. The 
Pretest Slope (γ10 = 0.81) confirms a strong positive link be-
tween prior knowledge and end-of-year results. Each one-point 
rise in the literacy pretest score predicts a posttest score 0.81 
points higher. Baseline knowledge must be accounted for. The 
Intervention effect (γ01 = 11.85) is the most important finding 
of the study. After controlling for initial pretest scores, students 
in the Lentera group scored on average 11.85 points higher on 
the literacy posttest than their control-group peers. The differ-
ence is statistically significant (p < 0.001); a difference this large 
would be unlikely if the intervention had no effect.43 The result 
is consistent with a positive effect of the intervention on 

literacy. The Variance Components show how variability in 
scores is distributed. The School-Level Variance (τ00 = 9.87) in-
dicates that average literacy scores differ between schools, 
which supports the multilevel model.  

The numeracy model mirrors the literacy results. The Inter-
cept (γ00 = 52.03) is the numeracy baseline, the predicted post-
test score of an average student in a control school. The Pretest 
Slope (γ10 = 0.85) is again strong and positive, so students with 
higher initial numeracy skills also scored higher at posttest. The 
Intervention effect (γ01 = 12.91) is larger still. Students who 
used Lentera scored 12.91 points higher on the numeracy post-
test than control students, holding pretest scores constant, and 
this difference is also statistically significant (p < 0.001). As in 
the literacy model, the School-Level Variance (τ00 = 11.21) is 
considerable. School-level factors again appear to contribute to 
differences in student outcomes, which supports the HLM ap-
proach. 

In sum, the HLM analysis shows a large, positive, statistically 
significant association of the Lentera intervention with achieve-
ment in both foundational literacy and numeracy. The same pat-
tern appears in two different domains. This suggests that the 
pedagogical changes Lentera made possible may have contrib-
uted to accelerated learning in this resource-constrained set-
ting. Because the comparison rests on six schools and one 
academic year, the size of the effect should be treated with cau-
tion until it is replicated. 
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Table 3. Hierarchical Linear Model results for the effect of the Lentera intervention on posttest scores. 

Model and predictor Coefficient (γ) SE t-ratio p 

Literacy outcomes model 

Fixed effects 

Intercept (γ00) 56.41 0.88 64.10 < 0.001 

Intervention (γ01) 11.85 1.25 9.48 < 0.001 

Pretest slope (γ10) 0.81 0.04 20.25 < 0.001 

Variance components 

School-level variance (τ00) 9.87    

Student-level variance (σ²) 37.45    

Numeracy outcomes model 

Fixed effects 

Intercept (γ00) 52.03 0.91 57.18 < 0.001 

Intervention (γ01) 12.91 1.31 9.85 < 0.001 

Pretest slope (γ10) 0.85 0.05 17.00 < 0.001 

Variance components 

School-level variance (τ00) 11.21    

Student-level variance (σ²) 41.50    

Note. γ = fixed-effect coefficient; SE = standard error; τ00 = school-level variance; σ² = student-level variance. Students, n = 302; schools, n = 6 (three per group). Pretest 
was group-mean centered.  

3.3 Qualitative findings 

Teacher interviews and classroom observations offer an ac-
count of how the gains may have come about. Teachers at-
tributed them mainly to pedagogical changes that the tool made 
possible, not to the technology itself. Teachers said Lentera was 
the enabling tool that let them, for the first time, put differenti-
ated instruction into practice effectively. Differentiated instruc-
tion is a core principle of Kurikulum Merdeka. 

One experienced teacher, who was initially skeptical, de-
scribed her transformation: 

“For twenty years, I have taught the same way: I stand 
at the front, I write on the blackboard, and the students 
copy. I knew it wasn’t the best way. The fast students get 
bored, and the slow students get left behind. But with 35 
children and one textbook, what else can you do? At first, I 
thought this tablet was just another toy. But then I saw... I 
could put the faster students on a module to work by them-
selves, and they were so focused. This freed me. I could fi-
nally pull a small group of the five struggling students to my 
desk with another tablet and work with them closely on the 
basics. I looked up and saw a quiet, busy classroom, every-
one learning at their own level. It was the classroom I had 
always dreamed of but never thought possible.” 

Observation was consistent with these accounts. We saw a 
move from teacher-centered, whole-class lectures to a more 
student-centered learning environment. Students often worked 
in small groups around a tablet, debating quiz answers or help-
ing a peer through a module. This built academic skills, and it 
also built collaboration and communication. One observation is 
worth describing. A shy girl who rarely spoke in class was work-
ing with a partner on a Lentera literacy game. She became ani-
mated. She pointed out correct answers with confidence and 
explained her reasoning to her classmate. The technology ap-
peared to give her a new and less intimidating way to show her 
competence.  

Another teacher pointed out how Lentera fostered a new 
sense of professionalism and collaboration among the staff: 

“Before Lentera, we were all teaching in our own little 
kingdoms—our classrooms. We rarely talked about teach-
ing methods. Now, the app has given us a reason to collab-
orate. We discuss which modules work best, we share 

strategies for grouping students, and we help each other 
with the technical side. The P2P sharing isn’t just about 
data; it’s about sharing knowledge. We have become a real 
team.” 

These findings suggest that Lentera was used less as a digital 
textbook than as a catalyst for changes in classroom organiza-
tion. It appeared to lift part of the logistical burden of differen-
tiation from the teacher, leaving more room for facilitation and 
for the pedagogy that national policy promotes. 

4. Discussion 

4.1 Principal findings 

The findings offer a nuanced account of the role of technol-
ogy in resource-constrained educational settings. Lentera 
worked as a functional application, and its design reflects a dif-
ferent philosophy from the high-bandwidth platforms that 
dominate much of the EdTech market. The discussion follows 
four intertwined threads: the validation of frugal innovation as 
a design paradigm, technology as a catalyst for profound peda-
gogical reform, the engineering of a virtuous socio-technical cy-
cle, and the resulting question of what counts as “value” and 
“innovation” in the pursuit of educational equity. 

The feasibility of Lentera appears to follow from its founding 
philosophy, frugal innovation. The aim was never a cheaper, 
“good enough” substitute for “real” EdTech. It was an intelligent, 
empathetic, and disciplined reframing of the problem. In our 
view, much EdTech development equates progress with feature 
complexity, data intensity, and ever-higher bandwidth, and 
such platforms can prove impractical in places like remote In-
donesia, where they presuppose always-on infrastructure.6–8 
We did not compare Lentera with commercial platforms, so our 
data cannot show that this paradigm is counterproductive. They 
show that, in these six schools, a design without such require-
ments could be implemented and used. 

4.2 The offline-first architecture 

The most informative quantitative finding of the study was 
that teachers received more than double the educational con-
tent through offline peer-to-peer sharing than through direct 
internet downloads. This is consistent with the expectation that 
in a low-connectivity environment an asynchronous, offline-
first architecture is a precondition for feasibility and adoption, 
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in line with other offline and local-network approaches in low-
resource schools.44–47 Reports describe offline micro-servers 
and tablets delivering learning content without internet at mod-
est cost, whereas we found little published evidence on device-
to-device sharing of the kind used here. The architectural choice 
addressed the main infrastructural barrier that has limited 
EdTech initiatives in Indonesia. A platform that demands con-
stant, stable connectivity for authentication, content streaming, 
and data synchronization would probably be difficult to use in 
these schools. Lentera was engineered for the opposite reality. 
Its “trickle-sync” capability was designed to “sip” compressed 
data patiently whenever a fleeting, low-quality connection ap-
peared. An infrastructural liability became a usable asset. 

Once the modules were on a single device, the system turned 
into a self-contained, self-propagating learning ecosystem. 
Peer-to-peer sharing converted a technological constraint into 
a powerful social asset. A culture of collaboration grew from it. 
This departs from a common assumption in the technology sec-
tor that the context (infrastructure, market) should be waited 
on to catch up with the technology. Lentera offers an alterna-
tive: design for the constraints of the real world, not for ideal-
ized conditions. 

4.3 Simplicity and usability 

The high usability scores (mean SUS of 81.2 among teachers 
and 75.8 among students) point to another tenet of frugal inno-
vation, the disciplined pursuit of simplicity.12–14 Many products 
suffer from “feature creep”. Lentera’s design was deliberately 
subtractive. The co-design process with teachers was a long ex-
ercise in stripping away every non-essential function, every 
confusing menu, and every extraneous button. The goal was a 
clean, intuitive, icon-driven interface that kept cognitive load 
low for teachers and students, many of whom had limited prior 
digital literacy. Simplicity was not a compromise. It was proba-
bly an important factor in rapid adoption and proficiency. 
Teachers noted that the ease of use let them spend their finite 
mental energy on the pedagogical use of the tool, not on tech-
nical troubleshooting. A lesson for inclusive technology follows: 
accessibility is more than physical access to a device, and it also 
means that the functions of the device are cognitively accessi-
ble. 

4.4 Learning outcomes and pedagogical change 

Feasibility aside, the most important finding was the statis-
tically significant and large difference in literacy and numeracy 
between intervention and control schools. Effects of this size 
are well above those usually reported for educational technol-
ogy in low- and middle-income countries,48–50 so they call for 
replication and for a check of the summary statistics against the 
raw data. The qualitative data offer one possible explanation: 
teachers described Lentera as a catalyst that helped them begin 
to implement the principles of the Merdeka Belajar reform in a 
way that had been difficult before. 

The Kurikulum Merdeka asks for a move away from a one-
size-fits-all, lecture-based model. In its place it puts a student-
centered, differentiated approach, often described as “teaching 
at the right level”.22,51 Teachers must assess the competency 
level of each student and then tailor their instruction. The goal 
is well supported by evidence. Putting it into practice in a typi-
cal remote Indonesian classroom poses an enormous logistical 
challenge. One teacher is often responsible for several grades. 
Teaching aids are limited, and student abilities span a wide 
range. Teachers simply lack the time and resources to prepare 
dozens of lesson plans and worksheets to meet each student’s 
needs. 

This is the systemic bottleneck that Lentera was designed to 
address. It offers a curated, curriculum-aligned library of self-
paced digital modules. In this way it took part of the burden of 
content creation and differentiation off the individual teacher. 
It was a ready-made tool that let students work independently, 
at their own pace, on material suited to their learning level. 

Teachers described a change in the classroom dynamic and 
more time and attention for individual pupils. Teachers were 
observed moving around the room, facilitating small-group 
work, and giving intensive, targeted support to the students 
who needed it most. The technology did not replace the teacher. 
It augmented and empowered the teacher, who could take on 
higher-order tasks such as facilitating, mentoring, and inspir-
ing. The remark of one teacher that the classroom had become 
one with “everyone learning at their own level” illustrates this 
change, although it is one account among many. Adaptive learn-
ing technology has likewise been associated with changes in 
teachers' classroom management in primary schools.52 

4.5 A socio-technical interpretation 

Socio-technical systems theory offers a useful lens on the re-
sults of Lentera. It holds that technological artifacts and social 
structures are not separate. They are intertwined and mutually 
constitutive. Many technology projects in development contexts 
fail because of a naive “technological determinism”, the belief 
that introducing a new technology will automatically produce 
the desired social outcome.53 The “socio-technical vicious cycle” 
described in the introduction illustrates this. High-end plat-
forms designed in urban centers collide with the social reality 
of low digital literacy and the technical reality of poor infra-
structure. Adoption is low, frustration is high, and the digital di-
vide is reinforced. 

Our study was a deliberate attempt to create a “socio-tech-
nical virtuous cycle”, with technology and social implementa-
tion strategy designed together. The frugal technical design of 
Lentera (offline-first architecture, trickle-syncing, and P2P 
sharing) answered the technical constraints of the environment 
directly. It was co-developed with a social implementation 
strategy built on teacher empowerment and community build-
ing. The co-design workshops did more than collect user re-
quirements. They appear to have built ownership and trust 
among the teachers who would become the system’s champi-
ons, in line with accounts of co-design in educational technol-
ogy.28–31 Support for teachers has also been linked to student 
engagement in remote learning.54 Training covered the tech-
nical “how-to” of the tablet and also the pedagogical “why-to” of 
fitting it into a new, student-centered approach. 

The peer-to-peer sharing feature illustrates this socio-tech-
nical interplay. It was a technical workaround for a connectivity 
problem, and it also appears to have worked as a social mecha-
nism that encouraged collaboration and created a local network 
of professional support among teachers.55 One teacher de-
scribed the weekly “hunt for signal” and the sharing of new 
modules afterward as a moment of social cohesion, collective 
achievement, and shared identity. Teachers’ accounts suggest a 
sense of collective efficacy, the shared belief within a group of 
teachers that together they could overcome challenges and im-
prove student learning,56,57 although collective efficacy was not 
measured. The technology did more than deliver information. It 
mediated a new set of positive social interactions and profes-
sional practices. The improved learning outcomes may there-
fore not be a direct result of the technology alone. They may 
reflect a more functional socio-technical system, in which a con-
textually appropriate tool enabled and reinforced a more effec-
tive pedagogy, practiced by a collaborative, empowered 
community of educators. In Indonesia, professional learning 
communities have been linked to teachers' technology liter-
acy.58 

4.6 Value and innovation in educational technology 

Finally, the study invites a rethink of what counts as “value” 
and “innovation” in educational technology. Much current at-
tention goes to technological novelty, and generative artificial 
intelligence in particular is at the center of recent research on 
education.59–61 Success is often measured by user engagement 
metrics, data analytics, and global scalability. 
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Our research offers a contrasting case. Lentera was innova-
tive, but not because it used cutting-edge technology. Its com-
ponents were deliberately simple and sturdy. It was innovative 
because it offered a novel solution to a long-standing, context-
specific problem. Its innovation was architectural and concep-
tual, more than functional. The problem was redefined. The 
question “how can we deliver high-quality streaming video to 
remote schools?” became “how can we create a resilient, self-
sustaining ecosystem of learning resources that can function 
with minimal to no internet?”. This shift in perspective is char-
acteristic of frugal innovation.12–14 

In the experience of the teachers, Lentera’s value lay less in 
data collected than in the human interactions it enabled: small-
group instruction, peer collaboration, a teacher’s newfound 
ability to reach a struggling student, and the emergence of a 
professional learning community. The measure of an educa-
tional technology’s worth may therefore be its pedagogical util-
ity and its capacity to empower the people in the system, more 
than its technical sophistication. 

4.7 Implications, limitations, and future work 

The findings have possible implications for policy and prac-
tice. They suggest that public-interest-oriented approaches to 
EdTech development and funding may deserve consideration 
alongside market-driven models. Impact evaluations may use-
fully look beyond test scores to changes in teaching practices, 
student engagement, and teacher collaboration, and long-term, 
embedded, design-based research may complement short-term 
trials. 

The study has several limitations. Only six schools took part, 
so inference at the school level rests on few degrees of freedom, 
and school, teacher, and device-support effects cannot be fully 
separated from the intervention. The design is open to the Haw-
thorne effect, in which participants’ awareness of being studied 
may change their behavior.62 Outcome assessment was not de-
scribed as blinded, and there was no follow-up after the aca-
demic year. Whether the gains of one academic year last is an 
open question. Maluku is illustrative of many remote Indone-
sian regions, yet the specific cultural and social dynamics of the 
communities studied mean that generalizability to all contexts 
must be approached with caution. Novelty effects of new tech-
nology may also fade over time.63 

Long-term financial sustainability is a key area for future 
work. The current model relied on research funding for devices 
and development. A scalable model might involve partnerships 
with the Indonesian Ministry of Education, with Lentera written 
into the national budget for educational resources in disadvan-
taged regions. A non-profit foundation model is another avenue. 
Supported by corporate social responsibility initiatives, such a 
foundation could manage content updates and teacher support 
networks. Exploring these pathways is an important next step 
in moving from a pilot to an at-scale solution. 

5. Conclusion 

This research began with a challenge. Remote Indonesia 
faces deep educational inequity, and digital tools have some-
times made it worse. Using a frugal innovation approach, we 
created “Lentera”, a learning system designed for its context. It 
is functional software. In these six schools it is also a proof of 
concept: technology built with attention to local constraints, 
and with teachers, can support equity. 

The study indicates that a context-aware, low-bandwidth, 
asynchronous system was feasible to implement. Teachers and 
students took it up readily, and it became part of classroom rou-
tines. The approach was associated with significant gains in 
foundational literacy and numeracy. Those gains represent real 
children in some of the most overlooked communities. Our find-
ings suggest that the system acted as a catalyst, working around 
infrastructural barriers and helping teachers use more 

differentiated pedagogy in line with the aims of Merdeka Bela-
jar. That is a modest claim, and it needs replication. 

The central conclusion is both a challenge and an invitation. 
The study challenges the resource-intensive paradigm of edu-
cational technology and shows that effective digital learning can 
be feasible even in difficult settings, which is no small matter. It 
invites policymakers, educators, and engineers to rethink inno-
vation as a collaborative search for what empowers people. Em-
bracing constraints as a source of creativity, not as limitations, 
may yield solutions that are more sustainable and accessible. 
Replication in more schools, with longer follow-up, is the next 
step. 

Declaration 

Artificial Intelligence Use Statement 

No generative artificial intelligence tool was used to write or 
revise the text, analyze the data, create images, or generate any 
other scholarly content of this manuscript. 

Author Contribution Statement 

Conceptualization, H.P. and M.E.; methodology, H.P., M.E., 
and J.T.; software, K.S. and S.S.; validation, M.M. and S.A.; formal 
analysis, M.M. and J.An.; investigation, H.P., J.T., S.A., and J.Al.; re-
sources, M.E. and K.J.; data curation, J.An. and K.S.; writing – 
original draft, H.P.; writing – review and editing, M.E., J.T., M.M., 
S.A., J.An., K.S., S.S., K.J., and J.Al.; visualization, S.S. and K.J.; su-
pervision, M.E.; project administration, H.P. All authors read 
and approved the final manuscript.  

Funding Statement 

The authors declare no external funding was received. 

Conflict of Interest / Competing Interests 

The authors declare that they have no competing financial or 
non-financial interests related to this work. 

Ethics Approval and Consent to Participate 

The study protocol was approved by regional educational 
authorities and by the institutional review board of the Enigma 
Institute, Indonesia (Approval number 2024/102). All partici-
pating teachers, and the guardians of all student participants, 
gave informed written consent. 

Consent for Publication 

Teacher quotations are reported without names. All partici-
pants were consented to the publication of anonymized quota-
tions. 

Data Availability Statement 

The datasets generated and analyzed during this study can 
be obtained from the corresponding author on reasonable re-
quest.  

Acknowledgments 

None. 

References 
1. Beatty A, Berkhout E, Bima L, et al. Schooling progress, learning 

reversal: Indonesia’s learning profiles between 2000 and 2014. In-
ternational Journal of Educational Development. 2021;85:102436. 
doi:10.1016/j.ijedudev.2021.102436 

2. Bilad MR, Zubaidah S, Prayogi S. Addressing the PISA 2022 Re-
sults: A Call for Reinvigorating Indonesia's Education System. In-
ternational Journal of Essential Competencies in Education. 
2024;3(1):1-12. doi:10.36312/ijece.v3i1.1935 

3. Muchtar CO, Purba AA, Sitorus JS, et al. Systematic Literature Re-
view: Examining Indonesia's Educational Inequality Factors and 
Government Equity Policies. International Journal of Educational 
Practice and Policy. 2025;3(1):8-16. doi:10.66314/ijepp.v3i1.226 

4. Azzizah Y. Socio-Economic Factors on Indonesia Education Dis-
parity. International Education Studies. 2015;8(12):218. 
doi:10.5539/ies.v8n12p218 



Putri et al. Enigma in Education 

 
 34 

5. Falah AI, Hadna AH. Problematika Pendidikan Masa Pandemi di In-
donesia pada Daerah 3-T (Terluar, Tertinggal, dan Terdepan). 
Jurnal Pendidikan dan Kebudayaan. 2022;7(2):164-185. 
doi:10.24832/jpnk.v7i2.2997 

6. Gemiharto I, Priyadarshani HEN. The Challenges of the Digital Di-
vide in the Online Learning Process During the COVID-19 Pan-
demic in Indonesia. Ilomata International Journal of Management. 
2022;3(1):343-356. doi:10.52728/ijjm.v3i1.426 

7. Hidayah S. Online Learning during the Pandemic in Indonesia: A 
Case Study on Digital Divide and Sociality among Students. Jurnal 
Humaniora. 2022;34(2):149. doi:10.22146/jh.72605 

8. Nahumury AP, Antony R. Semi-Online Learning as a Solution to the 
Digital Divide in Education in Frontier, Outermost, and Disadvan-
taged Regions. Jurnal Kependidikan: Jurnal Hasil Penelitian dan 
Kajian Kepustakaan di Bidang Pendidikan, Pengajaran dan Pem-
belajaran. 2022;8(2):331. doi:10.33394/jk.v8i2.4960 

9. Chen LT, Liu L, Tretheway P. Using Multilayer Videos for Remote 
Learning: Videos of Session Guidance, Content Instruction, and Ac-
tivity. Computers in the Schools. 2021;38(4):322-353. 
doi:10.1080/07380569.2021.1989220 

10. Hunter‐Mullis K, Qing C, Decker KA. Evaluation of remote and in‐
person instruction of a social‐emotional learning curriculum in a 
rural midwestern middle school: A case study. Psychology in the 
Schools. 2024;61(11):4080-4094. doi:10.1002/pits.23270 

11. Danzan T, Sambuu U, Chuluunbat M, et al. ICT readiness of second-
ary school teachers: Mongolian case study. Contemporary Educa-
tional Technology. 2025;17(3):ep586. 
doi:10.30935/cedtech/16531 

12. Fu H, Xu M, Wu Y, et al. What facilitates frugal innovation? – A con-
figurational study on the antecedent conditions using fsQCA. Jour-
nal of Innovation & Knowledge. 2024;9(3):100522. 
doi:10.1016/j.jik.2024.100522 

13. Pineda-Escobar MA. How to identify frugal innovation: make it rel-
ative and contextual. International Journal of Innovation Science. 
2025. doi:10.1108/ijis-06-2024-0174 

14. Chandran N, Brahmachari SK. Technology, knowledge and mar-
kets: connecting the dots—electric rickshaw in India as a case 
study. J Frugal Innov. 2015;1(1):3. doi:10.1186/s40669-015-
0003-5 

15. Saleem I, Al-Breiki NSS, Asad M. The nexus of artificial intelligence, 
frugal innovation and business model innovation to nurture inter-
nationalization: A survey of SME's readiness. Journal of Open In-
novation: Technology, Market, and Complexity. 
2024;10(3):100326. doi:10.1016/j.joitmc.2024.100326 

16. Thai LM, Miyazaki K. Frugal innovation for smart connected prod-
ucts: a case study of IoT-based smart farming by Vietnamese 
startups. Asian Journal of Technology Innovation. 
2024;33(1):313-337. doi:10.1080/19761597.2024.2359035 

17. Mangi TA, Wei Z, Zhang L, et al. Profiting From Frugal Innovation: 
A Strategy‐Tripod‐View and Evidence From China. Creat Innov 
Manage. 2025;34(3):579-593. doi:10.1111/caim.12656 

18. Natasha S. Frugal business model innovation in an Indian emerg-
ing market: a multiple case study. Asia Pacific Journal of Innova-
tion and Entrepreneurship. 2025;19(2):167-185. 
doi:10.1108/apjie-11-2023-0227 

19. Masters A. Frugal Education: What, why, and how?. Future in Edu-
cational Research. 2024;2(2):109-130. doi:10.1002/fer3.32 

20. Zulaiha S. Implementing Differentiated Instruction In Bahasa In-
donesia Within The Framework Of The Merdeka Curriculum. 
Terampil: Jurnal Pendidikan dan Pembelajaran Dasar. 
2025;12(1):116-133. doi:10.24042/terampil.v12i1.27118 

21. Ketut Herya Darma Utami, Novi Kusumawardani. Empowering 
Teacher Leaders: Implementing Differentiated Instruction in Pri-
mary School English Classes with the Merdeka Curriculum. indo-
nesian j. of inst. 2025;6(2):236-248. doi:10.23887/iji.v6i2.87541 

22. Samsudi S, Supraptono E, Utanto Y, et al. Unraveling the Merdeka 
Curriculum: Exploring Differentiated Instruction’s Impact on Stu-
dent Learning. Jurnal Ilmiah Peuradeun. 2024;12(2):517-538. 
doi:10.26811/peuradeun.v12i2.1131 

23. The Design-Based Research Collective. Design-Based Research: An 
Emerging Paradigm for Educational Inquiry. Educational Re-
searcher. 2003;32(1):5-8. doi:10.3102/0013189x032001005 

24. Anderson T, Shattuck J. Design-Based Research. Educational Re-
searcher. 2012;41(1):16-25. doi:10.3102/0013189x11428813 

25. Tinoca L, Piedade J, Santos S, et al. Design-Based Research in the 
Educational Field: A Systematic Literature Review. Education Sci-
ences. 2022;12(6):410. doi:10.3390/educsci12060410 

26. Campbell MK, Piaggio G, Elbourne DR, et al. Consort 2010 state-
ment: extension to cluster randomised trials. BMJ. 
2012;345(sep04 1):e5661-e5661. doi:10.1136/bmj.e5661 

27. Des Jarlais DC, Lyles C, Crepaz N, et al. Improving the Reporting 
Quality of Nonrandomized Evaluations of Behavioral and Public 
Health Interventions: The TREND Statement. Am J Public Health. 
2004;94(3):361-366. doi:10.2105/ajph.94.3.361 

28. Abramenka‐Lachheb V, Lachheb A, Ozogul G. Value‐sensitive de-
sign in the praxis of instructional design: A view of designers in 
situ. Brit J Educational Tech. 2025;56(4):1311-1349. 
doi:10.1111/bjet.13574 

29. Prieto LP, Viberg O, Yip JC, et al. Aligning human values and educa-
tional technologies with value‐sensitive design. Brit J Educational 
Tech. 2025;56(4):1299-1310. doi:10.1111/bjet.13602 

30. PENUEL WR, ROSCHELLE J, SHECHTMAN N. Designing formative 
assessment software with teachers: an analysis of the co-design 
process. Research and Practice in Technology Enhanced Learning. 
2007;2(1):51-74. doi:10.58459/rptel.2007.251-74 

31. Tuhkala A. A systematic literature review of participatory design 
studies involving teachers. Euro J of Education. 2021;56(4):641-
659. doi:10.1111/ejed.12471 

32. Ningrum DA, Budiyono B, Utanto Y. Constructing an indigenous 
ecological curriculum: educational practices of the Sedulur Sikep 
community. Indonesian Journal of Curriculum and Educational 
Technology Studies. 2025;13(1):78-89. 
doi:10.15294/ijcets.v13i1.23405 

33. McNeish D, Stapleton LM. Modeling Clustered Data with Very Few 
Clusters. Multivariate Behavioral Research. 2016;51(4):495-518. 
doi:10.1080/00273171.2016.1167008 

34. McNeish D. Small Sample Methods for Multilevel Modeling: A Col-
loquial Elucidation of REML and the Kenward-Roger Correction. 
Multivariate Behavioral Research. 2017;52(5):661-670. 
doi:10.1080/00273171.2017.1344538 

35. Nugent JR, Kleinman KP. Type I error control for cluster random-
ized trials under varying small sample structures. BMC Med Res 
Methodol. 2021;21(1):65. doi:10.1186/s12874-021-01236-7 

36. Watson SI, Girling A, Hemming K. Design and analysis of three‐arm 
parallel cluster randomized trials with small numbers of clusters. 
Statistics in Medicine. 2020;40(5):1133-1146. 
doi:10.1002/sim.8828 

37. Braun V, Clarke V. Using thematic analysis in psychology. Qualita-
tive Research in Psychology. 2006;3(2):77-101. 
doi:10.1191/1478088706qp063oa 

38. O’Connor C, Joffe H. Intercoder Reliability in Qualitative Research: 
Debates and Practical Guidelines. International Journal of Qualita-
tive Methods. 2020;19:1609406919899220. 
doi:10.1177/1609406919899220 

39. Lewis JR. The System Usability Scale: Past, Present, and Future. In-
ternational Journal of Human–Computer Interaction. 
2018;34(7):577-590. doi:10.1080/10447318.2018.1455307 

40. Bangor A, Kortum PT, Miller JT. An Empirical Evaluation of the Sys-
tem Usability Scale. International Journal of Human–Computer In-
teraction. 2008;24(6):574-594. 
doi:10.1080/10447310802205776 

41. Vlachogianni P, Tselios N. Perceived usability evaluation of educa-
tional technology using the System Usability Scale (SUS): A sys-
tematic review. Journal of Research on Technology in Education. 
2021;54(3):392-409. doi:10.1080/15391523.2020.1867938 

42. Hedges LV, Hedberg EC. Intraclass Correlation Values for Planning 
Group-Randomized Trials in Education. Educational Evaluation 
and Policy Analysis. 2007;29(1):60-87. 
doi:10.3102/0162373707299706 

43. Wasserstein RL, Lazar NA. The ASA Statement on p -Values: Con-
text, Process, and Purpose. The American Statistician. 
2016;70(2):129-133. doi:10.1080/00031305.2016.1154108 

44. Wiebe A, Crisostomo LJ, Feliciano Perez R, et al. Comparative Ad-
vantages of Offline Digital Technology for Remote Indigenous 
Classrooms in Guatemala (2019-2020). Journal of Learning for De-
velopment. 2022;9(1):55-72. doi:10.56059/jl4d.v9i1.607 

45. Mays TJ, Cheng R. Exploring Offline e-Learning for Resilience: A 
Case Study. Journal of Learning for Development. 2024;11(2):304-
310. doi:10.56059/jl4d.v11i2.1288 



Putri et al. Enigma in Education 

 
 35 

46. Maro SH, Kondoro AW, Mtebe JS, et al. Exploring the Feasibility of 
Deploying Technology Enhanced School-Based Teacher Continu-
ous Professional Development in Internet-Limited Environments 
in Tanzania. The International Review of Research in Open and 
Distributed Learning. 2024;25(2):60-76. doi:10.19173/ir-
rodl.v25i2.7428 

47. Maro S, Kondoro A, Haßler B, et al. Deployment of Offline Learning 
Management Systems: Comparing the Performance of Selected Mi-
cro-servers in Tanzania. Journal of Learning for Development. 
2023;10(2):280-296. doi:10.56059/jl4d.v10i2.835 

48. Major L, Francis GA, Tsapali M. The effectiveness of technology‐
supported personalised learning in low‐ and middle‐income coun-
tries: A meta‐analysis. Brit J Educational Tech. 2021;52(5):1935-
1964. doi:10.1111/bjet.13116 

49. Dorris C, Winter K, O'Hare L, et al. Mobile device use in the primary 
school classroom and impact on pupil literacy and numeracy at-
tainment: A systematic review. Campbell Systematic Reviews: Bet-
ter Evidence for a Better World. 2024;20(2):cl2.1417. 
doi:10.1002/cl2.1417 

50. Rodriguez-Segura D. EdTech in Developing Countries: A Review of 
the Evidence. The World Bank Research Observer. 
2021;37(2):171-203. doi:10.1093/wbro/lkab011 

51. Banerjee A, Banerji R, Berry J, et al. From Proof of Concept to Scal-
able Policies: Challenges and Solutions, with an Application. Jour-
nal of Economic Perspectives. 2017;31(4):73-102. 
doi:10.1257/jep.31.4.73 

52. Moltudal SH, Krumsvik RJ, Høydal KL. Adaptive Learning Technol-
ogy in Primary Education: Implications for Professional Teacher 
Knowledge and Classroom Management. Front. Educ. 
2022;7:830536. doi:10.3389/feduc.2022.830536 

53. Oliver M. Technological determinism in educational technology re-
search: some alternative ways of thinking about the relationship 
between learning and technology. Journal of Computer Assisted 
Learning. 2011;27(5):373-384. doi:10.1111/j.1365-
2729.2011.00406.x 

54. Gershy N, Katz I. Students engagement in remote‐learning during 
the Covid‐19 crisis: The role of the support provided to teachers 

and the parent–teacher relationship. Psychology in the Schools. 
2023;60(11):4293-4311. doi:10.1002/pits.22923 

55. Vescio V, Ross D, Adams A. A review of research on the impact of 
professional learning communities on teaching practice and stu-
dent learning. Teaching and Teacher Education. 2008;24(1):80-
91. doi:10.1016/j.tate.2007.01.004 

56. Goddard RD, Hoy WK, Hoy AW. Collective Teacher Efficacy: Its 
Meaning, Measure, and Impact on Student Achievement. American 
Educational Research Journal. 2000;37(2):479-507. 
doi:10.3102/00028312037002479 

57. Donohoo J. Collective teacher efficacy research: Productive pat-
terns of behaviour and other positive consequences. J Educ 
Change. 2018;19(3):323-345. doi:10.1007/s10833-018-9319-2 

58. Bachtiar B, Nirmala SD. Exploring the Role of Professional Learn-
ing Community on Teacherâ€™s Instructional Fits: A Voice of In-
donesian Teachers. Journal of Innovation in Educational and 
Cultural Research. 2023;4(3):511-522. 
doi:10.46843/jiecr.v4i3.709 

59. Fırat M. A global triangulation approach to ChatGPT integration in 
education. Educ. Technol. Q. 2025;2025(2):134-150. 
doi:10.55056/etq.897 

60. Yang T, Cheon J, Cho MH, et al. Undergraduate students’ perspec-
tives of generative AI ethics. Int J Educ Technol High Educ. 
2025;22(1):35. doi:10.1186/s41239-025-00533-1 

61. Ishmuradova II, Zhdanov SP, Kondrashev SV, et al. Pre-service sci-
ence teachers’ perception on using generative artificial intelli-
gence in science education. Contemporary Educational 
Technology. 2025;17(3):ep579. doi:10.30935/cedtech/16207 

62. McCambridge J, Witton J, Elbourne DR. Systematic review of the 
Hawthorne effect: New concepts are needed to study research par-
ticipation effects. Journal of Clinical Epidemiology. 
2014;67(3):267-277. doi:10.1016/j.jclinepi.2013.08.015 

63. Rodrigues L, Pereira FD, Toda AM, et al. Gamification suffers from 
the novelty effect but benefits from the familiarization effect: Find-
ings from a longitudinal study. Int J Educ Technol High Educ. 
2022;19(1):13. doi:10.1186/s41239-021-00314-6 

 


	1. Introduction
	2. Methods
	2.1 Study design
	2.2 Phase 1: Contextual inquiry and needs analysis
	2.3 Phase 2: Co-design and system development
	2.4 Phase 3: Implementation and evaluation
	2.5 Data collection
	2.6 Phase 4: Data analysis
	2.7 Ethical considerations

	3. Results
	3.1 Feasibility and usability
	3.2 Learning outcomes
	3.3 Qualitative findings

	4. Discussion
	4.1 Principal findings
	4.2 The offline-first architecture
	4.3 Simplicity and usability
	4.4 Learning outcomes and pedagogical change
	4.5 A socio-technical interpretation
	4.6 Value and innovation in educational technology
	4.7 Implications, limitations, and future work

	5. Conclusion
	Declaration
	Artificial Intelligence Use Statement
	Author Contribution Statement
	Funding Statement
	Conflict of Interest / Competing Interests
	Ethics Approval and Consent to Participate
	Consent for Publication
	Data Availability Statement
	Acknowledgments

	References

