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Background. Over the last few decades, in developing nations including India, there have been rapid

developments in information and communication technologies with progress towards sustainable

development goals facilitating universal access to education. With the aim of augmenting laboratory skill

training, India’s Ministry of Human Resource Development (MHRD)’s National Mission on Education

through Information and Communication Technology (NME-ICT), launched Virtual laboratories project,

enabling professors and institutions to deliver interactive animations, mathematical simulators and

remotely-controlled equipment for online experiments in biosciences and engineering courses. Towards

that mission of improving teaching and learning quality and with a focus on improving access to users in

geographically remote and economically constrained institutes in India, we developed and deployed over

30 web-based laboratories consisting of over 360 computer-based online experiments. This paper

focuses on the design, development, deployment of virtual laboratories and assesses the role of online

experiments in providing self-learning and novel pedagogical practices for user communities.

Methods.  As part of deployment, we evaluated the role virtual laboratories in facilitating self-organized

learning and usage perception as a teaching tool in a blended education system. Direct feedback data

was collected through organized workshops from 386 university-level students, 192 final year higher

secondary school (pre-university) students and 234 college professors from various places across India.

We also included online feedback from 2012-2018 to interpret usage analysis and adaptability of virtual

and remote labs by online users.

Results.  More than 80% of students who used virtual laboratories scored higher in examinations

compared to a control group. With 386 students, 80% suggested adapted to self-learning using virtual

laboratories. 82% of university teachers who employ virtual laboratories indicated using them to

complement teaching material and reduce teaching time. Increase in online usage and feedback

suggests novel trends in incorporating online platforms as pedagogical tools.

Discussion. Feedback indicated virtual laboratories altered and enhanced student’s autonomous

learning abilities and improved interaction in blended classrooms. Pedagogical analysis suggests the use

of ICT-enabled virtual laboratories as a self-organized distance education learning platform for university

and pre-university students from economically challenged or time-restrained environments. Online usage

statistics indicated steady increase of new users on this online repository suggesting global acceptance

of virtual laboratories as a complementing laboratory skill-training online repository.
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25 1.   Introduction 

26 Trends in Information and Communication Technologies (ICT) have transformed schooling and 

27 teaching by bringing in digital contexts (White, 2008). ICTs have a prominent role in improving 

28 quality of teaching and learning (Fathima, 2013) and in changing the global status of classroom 

29 education (Sasidharakurup et al., 2015). Effective learning has been reported with learners actively 

30 participating in the educational system (Yusuf, 2005). Studies indicate students have strong 

31 motivation to learn easily perceivable components (Sugerman D. A., Doherty K. L., Garvey D. E., 

32 2000). Approaches for engaging students in curricula include inquiry-based learning, problem-

33 based learning, project-based learning, case-study based teaching, discovery learning, and just-in-

34 time teaching, designed to increase the self-organization abilities of students (Habók and Nagy, 

35 2016). In school and university education, self-organization refers to a student-centered learning 

36 approach, where participants have shown to have higher engagement in their active learning 

37 process (Froyd and Simpson, 2008). In addition to augmenting students’ study skills (Mitra and 

38 Dangwal, 2010), it has been suggested that students adopting self-organized or autonomous 

39 learning were more satisfied in their work, which may led to success in their education process 

40 (Tüysüz, 2010).

41 Self-organized learning (S-o-L) based on Kelly's (Pintrich, 2004) personal construct theory (PCT) 

42 had suggested learning process happened through construction and reconstruction of meaningful 

43 reflective experiences (Castelli, 2011). In several institutions of higher education, learning process 

44 was managed mainly by teachers or with roles by the society (Ali et al., 2013). Enrolment in 

45 education was not governed by government education policies but by household decisions 

46 (Florian, 2008). Challenges to retain young learners in science and engineering disciplines 

47 included the need for rapid diffusion of secondary education and yearly increase in enrolment of 

48 students. Consequently, students have reported not getting sufficient access to classroom and 

49 laboratory facilities to practice an experimental research in a better way (Nair et al., 2012). Also, 

50 teachers were coerced onto a show-and-tell approach towards teaching (Dangwal, R., & 

51 Thounaojam, 2011) where students may not have a role for active participation in improving their 

52 own abilities in learning. UNESCO’s education report 2014 (UNESCO, 2014) indicated poor 

53 access to education and lack of sufficiently well-trained teachers as reasons in developing countries 

54 for illiteracy. In some cases, classroom lectures were changing from face-to-face interactions 

55 towards innovative modes of including ICT-enabled self-organizing modes (Diwakar et al., 2016) 

56 (Istenic Starcic and Bagon, 2014) helping to overcome problems (Chu, 1999) such as time 

57 management, lack of sufficient laboratory materials and equipment, and training trial issues (Swan, 

58 2003). Use of such ICT enabled visual information has shown to facilitate cognitive learning and 

59 improves memory retention (El-Sabagh, 2010). It also helps to strengthen student motivation and 

60 improves the active learning process in a better way (Narciss et al., 2007).  Studies also reported 

61 the importance of including this pedagogical method in educating a group of students with 

62 minimum or no involvement of an instructor (Mitra et al., 2005). Analysis of student feedback post 

63 virtual laboratories suggested that explicit user interactions in virtual laboratories aid teaching and 
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64 learning experience (Radhamani et al., 2014). Studies have also suggested improved academic 

65 performance in students using virtual laboratories in their curriculum (Radhamani et al., 2014). 

66 Case studies on virtual laboratories encompassing student and teacher groups from different Indian 

67 universities via workshops and online feedback are listed elsewhere (Diwakar et al., 2014). 

68 In the last few decades, software-based virtual laboratories in different fields have been developed 

69 by various institutes for fulfilling the educational objectives of a conventional classroom 

70 education. Library of Labs (LiLA) project (http://www.lila-project.org/) by University of Stuttgart 

71 has been developed to provide access to virtual and remote labs with a tutoring system and 3D 

72 environment for online education. Go-Lab Project (Global Online Science Labs for Inquiry 

73 Learning at School), a European collaborative project (http://www.go-lab-project.eu/) focused on 

74 implementing online virtual and remote experimentations in science laboratories for the large-

75 scale use in school education. Virtual Community Collaborating Space for Science Education 

76 (VccSSe) project (http://www.vccsse.ssai.valahia.ro/), which is a joint collaboration between 

77 several institutions, provided training on using virtual instruments for teachers and students in the 

78 field of chemistry, physics and biology. MIT iLabs (https://icampus.mit.edu/projects/ilabs/)  

79 provided online access to remote labs for distant users for experiencing a hands-on lab session 

80 over internet.  BIOTECH Project’(http://biotech.bio5.org/home), developed by University of 

81 Arizona assisted teachers in providing classroom activities related to molecular genetics for 

82 student communities.  VITAL Lab (http://vital.cs.ohiou.edu/), Lab Share from Australia 

83 (http://en.wikipedia.org/wiki/Labshare), NASA’s virtual laboratory and HHMI Virtual 

84 laboratories (http://www.hhmi.org/biointeractive/vlabs), are some other examples of web-based 

85 interactive education platforms that provide the students with skills and techniques. Most of them 

86 were specified for education purposes, but due to technical complexity generalization to an online 

87 platform needs further advancements (Potkonjak et al., 2016). 

88 This paper explains the design and implementation of virtual and remote laboratories based on an 

89 Indian laboratory setting. The objective was to deploy the online laboratories with multiple groups 

90 of students from university and pre-university levels and to test for self-organized learning and 

91 perceived usage by university professors. The study intended to understand learner adaptability in 

92 using virtual laboratories and assessing its role in complementing classroom education and as a 

93 new pedagogy for distance education and for enabling access of equipment and educational content 

94 free of cost.

95 2. Methods 

96 All the virtual laboratories are freely available at http://vlab.amrita.edu. The development and 

97 deployment of these ICT-based tools are detailed in this section. 

98 2.1 Infrastructure of Virtual and Remote Laboratories 
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99 Software and hardware development phases of creating online labs were discussed in the following 

100 sections.

101 2.1.1 Development and Conceptualization of Animation Based Labs

102 Towards the development of animation based virtual laboratories, the initial process included 

103 transforming an experimental protocol “real world” scenario into an “abstract world” via a sketched 

104 experiment storyboard. A storyboard of the experiment helped finalizing the development phase of 

105 animation process. In order to minimize possible errors while virtualization, critical steps in 

106 biotechnology experiments such as handling of pipette, discarding biohazard materials, working 

107 with laboratory equipment and personal care were sketched. The prior steps in the experiments 

108 such as preparation of chemicals, reagents, and stains were eliminated to manage time related 

109 issues. The preparatory steps were included in theory and procedure sections of the experiments. 

110 Expertise in particular arena test and evaluate interim versions of the storyboard. Next step was to 

111 develop a “model world” by integrating the procedural practices with click gestures and 

112 visualization techniques to provide an actual feel of laboratory. It included a process that needed 

113 coordination of engineering techniques for conceptualization of biological phenomena in order to 

114 provide an interactive environment to users. Visual scene animation of experimental set up was 

115 programmed using multimedia and mark-up languages. Simple controls such as pause, stop and 

116 replay were included to facilitate users focus on different aspects and viewing options.  The 

117 prototype of the animated lab were implemented in graphical user interface and tested in multiple 

118 browsers and platforms. It was then tested among limited sample size of target population; teachers 

119 and students. After fixing the initial testing, the final version was uploaded for online usage.

120 The animation-based labs were classified into two groups: Perceivable labs and Emulation labs. 

121 Perceivable labs are animation only labs which are visualization oriented, were users could 

122 understand the experimental concepts with pictorial representations of laboratory scenes in the 

123 computer screen. One example of perceivable labs is Gram Stain Technique in Microbiology lab, 

124 a differential staining technique used to classify and categorize bacteria into gram positive and 

125 gram-negative organisms. Emulation-based labs included pictorial representations of the lab with 

126 user interactions at critical points, such as fine and coarse adjustments of microscope in cell biology 

127 and brain slicing protocols in neurophysiology labs. When a user performed the experiment off 

128 sequence, error messages were displayed as pop-ups. A classical example of emulation-based labs 

129 is blood grouping experiment in immunology lab, where the interaction was designed to include 

130 reagent mixing steps, biohazard discarding point and result analysis focussing the engagement of 

131 the user in the experimental process.

132 2.1.2 Organization and Design of Simulation Based Labs

133 A synergy between biology and mathematics has been intertwined to model interactive simulation-

134 based labs, providing an idea of what to perform in a real lab. Simulations included mathematical 

135 reconstructions of real-life datasets and biophysical approximations facilitating user interactions. 
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136 The focus of the simulation-based labs was to reduce the cost of experimental set-up and effort in 

137 teaching basic laboratory protocols in electrophysiology such as patch clamp, current clamp and 

138 voltage clamp at the university level. Neuronal biophysics simulations using Hodgkin-Huxley 

139 (HH) mathematical model were used to illustrate ionic mechanisms underlying the initiation and 

140 propagation of action potentials and their propagation (Hodgkin and Huxley, 1952). HH models 

141 include a set of nonlinear ordinary differential equations which approximates the electrical 

142 characteristics of excitable cells such as neurons and cardiac myocytes. The time derivative of the 

143 potential across the membrane Vm is proportional to the sum of the currents in the circuit. This is 

144 represented as follows:

145
146 where, the lipid bilayer is represented as a capacitance (Cm), and Ii denotes the individual ionic 

147 currents of the model. 

148

149 Mathematical models were validated via alternative implementations in platforms like MATLAB, 

150 Java, and Python. All simulations were implemented using Javascript or Action Script. This 

151 implementational strategy was meant to reduce the load at the server end, relatively efficient and 

152 higher execution speed. While using the simulator, a copy of simulator of a few kilobytes in size  

153 was needed for users to execute the online experiment. Export feature was also included to 

154 facilitate the user to download simulated values as a Comma Separated Value (.CSV) file for future 

155 and extended usage.  

156

157 The simulation-based labs were classified into two groups; Predictive modelling-based labs and 

158 Quantification-based labs. A classic example for predictive modelling (Dickey, 2012) based labs 

159 is population ecology lab, which focused on understanding how population dynamics changes over 

160 time.  In predictive models, parameters were modelled to reconstruct the dynamics affecting the 

161 rate of growth of a population. To predict population dynamics, variables such as number of 

162 individuals in the population at each time, change in number of individuals over time, initial 

163 population size and population growth rate were allowed to be varied. Using this model, tiger 

164 population in India till 2012 was predicted by students in a previous study (Parasuram et al., 2011). 

165 Other modelled simulations incorporated mathematical models for user perceived educational 

166 precepts in population ecology.

167

168 In quantification-oriented labs, parameters could be varied on a set of processes included in the 

169 experimental model(Mendes and Kell, 1996). In biochemistry, design of experiments was centred 

170 around parameters that modelled changes included varying values for volume of reagents, 

171 concentration of reactants/reagents, adjusting the running speed of drops (0.5N HCl) from burette, 

172 and selecting appropriate indicators for performing experiments, to understand its effect in a 

173 chemical process. In microbiology experiments, student learners were allowed to change the 

174 dilution factor, vary dilutions of virus sample and plaque count to study Plaque Forming Unit 

175 (PFU). In our molecular biology experiments, such as agarose gel electrophoresis, varying 

176 parameters such as concentration (%) of agarose, type of DNA, marker size, and varying restriction 

177 enzymes to separate the DNA fragments based on their molecular weight were employed to include 

178 teaching content alongside process information. Simulations for experiments, where results could 

179 not be accurately determined from physical experimentations were also modelled.

180
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181 2.1.3 Architecture of Remote Labs

182 There are several documented cases in literature involving the implementation of remote labs in 

183 engineering education. Stevens Institute of Technology (SIT, USA)’s remotely accessible 

184 experiment set-up included a Linux-enabled web server to connect lab-set-up to outside world, the 

185 Graphical User Interface (GUI), was developed using conventional HTML pages, Java applets and 

186 CGI/Perl scripts(Esche and Chassapis, 2003) University of Technology, Sydney (UTS) also 

187 developed remote labs with a goal to ensure greatest flexibility of access to different users. 

188 Arbitrator software was used to authenticate user requests.  In the revised architecture, Virtual 

189 Network Computing, an open source software was used to support additional features such as 

190 control sharing during experimentations(Lowe et al., 2009). MIT iLabs also developed distributed 

191 architecture (Web service architecture) for remote labs as an addition to their existing laboratory 

192 system, where the equipment is managed by lab servers, authentication and access is moderated 

193 by a service broker (Harward et al., 2008).

194

195 Initial Implementation Phase

196

197 A remote lab in neurophysiology was piloted, where neurons were modelled, for studying action 

198 potentials and bursting phenomena using analogue circuit equivalent (Parangan et al., 2010). For 

199 investigating membrane potential properties and basic ion channel properties of granule cells on 

200 hardware platform, an analogue model was adapted from Maeda and Makino model. Proprietary 

201 software was used to analyse inputs and outputs of experiment. Later remote labs were included 

202 in physical sciences, biological sciences, mechanical engineering and computer science (Freeman 

203 et al., 2012; Kumar et al., 2014, 2016). As a prior step in building remote labs, lists of experiments 

204 that were pertaining to biotechnology and engineering courses were selected. Since controlling 

205 entire input parameters was impractical, a section of usable input space was mapped to the controls. 

206 Remotely controlled equipment or laboratory set up was first connected to a commercial Data 

207 Acquisition (DAQ) device, which interfaced the lab server with the equipment.  DAQ functions to 

208 receive and send signals between the remote equipment and server. Entire experimental set up 

209 were connected to the lab server. Server received the requests from remote users over the internet, 

210 which sent device command to the equipment hardware through DAQ. The control signal or the 

211 input from the user to the equipment was transferred to the device as a set of parameters via an 

212 XML file. The communication between the server and the remote user was made possible with the 

213 help of service broker.  Server notifies experimental output to remote users via service broker. The 

214 experiments under remote labs were designed to provide remote access to a single user at a time. 

215 Initial version of the graphical user interface was designed using Action Script and modelled to 

216 run on browsers with flash plug-in. Input was processed as GET or POST parameters to the web 

217 services installed in the lab server. For providing an overview of equipment usage and operation 

218 of a physical laboratory, live video streaming the lab set-ups were also included via an ordinary 

219 web camera.  Usage logs from client side was handled with an apache server. A slot-booking 

220 system (scheduling system) was employed to reserve practice-directed time slots to avoid multiple 

221 user conflicts. Control parameters were also provided depending on implementation convenience 

222 and feasible usage from remote locations.  For example, in light microscopy experiment, controls 

223 are provided for fine and coarse adjustments of microscope. Specimen was fixed to the 

224 microscopic slide and the user could move the microscopic lens over the specimen by moving 

225 virtual slider in the interface (Figure 1).

226
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227 Open Hardware Model – A FOSS Approach

228

229 The labs were re-implemented as a Free and Open Source Software (FOSS) implementation using 

230 Java-based webserver for communication purposes and Raspberry Pi devices as controllers. When 

231 a remote user accessed an experiment, a http-GET request was sent through the backend of the UI 

232 to the lab server. The request was then handled by Java webserver and gave command to the 

233 Raspberry Pi device and the experiment was triggered. Experiment output was sent via an http-

234 RESPONSE to the user interface as xml, JSON etc. 

235

236 Proprietary versus Open Source Implementation

237

238 Since the commercial DAQ device was expensive, several experiments were deployed in a single 

239 DAQ. Data interference from multiple channels were reported as a major concern in this 

240 implementation process. In FOSS implementation (Raspberry Pi 2 with an ARMl176JZF-S 700 

241 MHz processor, an Ethernet port, 2 USB ports and 512Mb RAM), general purpose input/output 

242 pins of the device supported automated data acquisition. Also, a single raspberry device supported 

243 up to four experiments, reducing the deployment cost. Hardware cost and network device cost 

244 were also comparatively low (Vijayan et al., 2017). Wi-Fi adapter on Raspberry Pi made it portable 

245 when compared to other data acquisition cards. Specific java codes are a requisite for each 

246 implementation. 

247

248 We have developed 30+ online labs and enabled over 360+ online experiments in physics, 

249 chemistry, biological sciences, computer science, and mechanical engineering disciplines (see 

250 supplementary material) and are hosted freely. Registration of users was implemented to enable 

251 track usage statistics.  The experiments were deployed in Collaborative Accessibility Platform for 

252 Virtual laboratories (CAPVL) (Raman et al., 2011) and accessed free-of-cost by learners from 

253 different locations. 

254

255 CAPVL framework was designed with a Collaborative content management system and a virtual 

256 lab management system. Content Management in CAPVL included subject of choice, topic and 

257 experiment. The content included theory, procedure, animation, simulation, remote trigger, self-

258 evaluation, assignment, and references. Module management and course management allowed 

259 syllabus mapping of laboratory modules with various university syllabus and deploying and 

260 managing the contents for remote usage. The version controller records the changes that has been 

261 made to a file over time which enables to recollect specific versions later. Template engines helped 

262 in development of logic and presentation in an easier way for improving the flexibility for 

263 modifications and maintenance of the contents. Other than this, virtual laboratories repository 

264 records the basic information (metadata) about particular experiment access.  For a statistical 

265 overview, usage logs were recorded. The virtual laboratories management system was 

266 incorporated with a Kerberos-based single sign-on system. The user-management system 

267 improves the reliability and flexibility without compromising security issues. Feedback portal 
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268 allowed the developers to collect specific feedback from all learners and instructors using the labs 

269 (Figure 2A). 

270

271 After successful authentication, input from the user to the experiment or equipment was transferred 

272 as digital signals or parameters. Allowed range of input parameters and signals were fixed in the 

273 initial stage. User input was processed and the data was sent to main server, triggers the experiment 

274 and the generated output was send back to the user (Figure 2B).

275

276 3. Deployment of virtual and remote laboratories via Field Trials - Evaluation 

277 of Pedagogical Effectiveness

278

279 As a part of testing the online platform amongst different users, field trials (workshops) were 

280 carried out at different education institutes for students and teachers (Table 1) in rural and urban 

281 areas within India. For the data reported as part of this paper, many student and teacher workshops 

282 were conducted, involving several institutes in South India. The focus of the workshops was to 

283 provide a comprehensive overview of the role of virtual and remote labs in supporting their 

284 learning style or education system. Online feedbacks were also evaluated to understand learning 

285 outcome and flexibility of user-interactions. (Sample subsets are included as supplementary 

286 material).

287

288 3.1 Workshop based case studies on Biotechnology virtual laboratories

289

290 Several tests were carried out with varying numbers of users (students and professors) and our test 

291 cases are reported. 

292

293 3.1.1 Perceiving User Behavior and Analyzing User’s Role in Autonomous Learning via 

294 Virtual laboratories

295 This study was carried out with 192 university students (undergraduate and postgraduate) via face-

296 to-face workshops organized at different places in India. Also, virtual laboratories were presented 

297 to 192 school students of final year higher secondary grade (the year before they join University), 

298 during an inter-school event conducted as a part of an interschool’s exhibition in Kollam (India) 

299 in 2014. Both learner groups were asked to perform any of the Biotechnology experiments 

300 (choosing one that was not familiar to them).  Student groups followed the common instructions 

301 provided on the virtual laboratories website for completing the laboratory exercise.  Test groups 

302 were made to go through the theory, procedure and self-evaluation components sequentially before 

303 experiencing the simulator or animation or remote panel parts of the virtual experiment. With the 

304 feedback provided, the parameters related to online learning including Usability (US), Self-

305 organization (SO), Learning Engagement (LE), Memory retention (MR) and overall advantage of 

306 the virtual system were analysed using Cronbach alpha scores. Cronbach alpha measured both 

307 reliability and internal consistency of the parameters under test (Bocconi et al., 2012). US referred 

308 to the adaptability of ICT techniques in education for enhancing user’s learning ability. SO referred 

309 to the usage of virtual laboratories by students in their learning process in the absence of an 

310 instructor. LE indicated whether virtual labs be an interactive platform for student’s constructivist 

311 learning, a factor that describes student-student interaction. MR indicated whether virtual 
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312 laboratories help students to recollect their concepts on experiment without a real laboratory 

313 environment (Peyman et al., 2014)(Diwakar et al., 2016b). For analysis, feedback questions 

314 (questionnaire-based) were prepared on the basis of TAM and Open Educational Resources (OER) 

315 model (Raman et al., 2014) (Table 2). Users rated the questions by giving Likert-scale numerical 

316 values from 1 to 5 (1- Very poor, 2- Poor, 3- Average, 4- Good, 5- Excellent) for TAM based 

317 questions and for a choice of agree and disagree for the OER questions. Cronbach alpha was used 

318 for internal consistency check within evaluation and assessment questions and their responses 

319 (Cronbach, 1951).

320

321 3.1.2 Pre-test and Post-test Evaluations

322 As a consequent step to identify the role of virtual laboratories as a self-organized learning 

323 platform, a typical pre-test/post-test evaluation as a criterion was used in this study. The study 

324 group, 384 (same set of student groups as in the previous study) students were divided into two 

325 groups; Control Group and Test Group. Control group comprised of 192 students (96 university 

326 students and 96 pre-university level students) and were subjected to traditional classroom-based 

327 learning of gram staining experiment in virtual microbiology lab. The overall time period for the 

328 study was limited to 1 hour. Test group comprising of 192 students (96 university students and 96 

329 pre-university level students) were subjected to virtual laboratory-based learning of the same 

330 experiment without the help of an instructor. The time period of the study was limited to 20 

331 minutes. After completing the experiment, both groups were subjected to a pre-test, with a set of 

332 question based on the experimental concepts and observations. Performance of students in the 

333 examination was recorded. The students in the control group were then subjected to virtual lab-

334 based learning and a post-test was conducted to them with a set of questions, that included similar 

335 questions as in the pre-test. Some observation-related questions (such as colour of primary stain, 

336 secondary stain, and microscopic observations) were also included in post-test in addition to pre-

337 test questions. The scores were then tabulated for analysis.

338

339 3.1.3 Analyzing the Role of Virtual laboratories as a Flexible Teaching Platform

340 Both qualitative and quantitative analysis of content quality, design of the syllabi, easiness of the 

341 material, extended   use of technologies in improving quality of education, were carried amongst 

342 the teacher groups.  The survey was done via a feedback session with 91 university teachers and 

343 the questions were based on how the teachers can effectively utilize this online tool in their daily 

344 teaching process. Teachers’ feedback was evaluated for validating our previous results (study 

345 carried out in 2014 with 50 university teachers) (Diwakar et al., 2016b).

346

347 1. Do you think virtual laboratories could be used as a substitute for class room presentations 

348 in the classroom teaching?

349 2. Virtual laboratories provide new inventions towards effective educational supplementing 

350 the regular class room teaching. Would you agree?

351 3. Virtual lab demonstrations are effective in an overcrowded classroom scenario. Would you 

352 agree?

353 4. Do you think virtual laboratories can be used as a laboratory material? 

354 5. Virtual laboratories can be used as an examination component to assess user performance 

355 in a better way. Would you agree?

356
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357 3.2 Usage Analysis of Biotechnology Virtual laboratories – A Case Study with CAPVL 

358 Online Portal

359

360 The CAPVL employs usage roles such as administrators to moderate and track usage of the 

361 deployed virtual laboratories. Administrator role allows to create new experiments, checking the 

362 online feedback provided for each experiment, analysing actual access time and period of users 

363 performing the experiment, monitoring quiz reports of user community and tracking of bugs 

364 reported by virtual laboratory users.  As a part of analysing the usage of virtual laboratories from 

365 distant locations, online feedback from different users were evaluated. The feedback questions 

366 were categorized into two sections; Technical feedback focused on questions relating to user-

367 friendly approach of virtual lab system (Adaptability) and User experience feedback focused on 

368 questions relating on the usage of virtual laboratories as learning or teaching platform (Perceived 

369 usefulness).  Feedback survey has a rating on Likert-scale as (1-Poor, 2- Average, 3- Good, 4- 

370 Very Good, 5- Excellent). The feedback survey included the questions (Table 3).

371

372 3.3. Workshop Based Case Studies on Remote Labs 

373

374 3.3.1. Analysis of Remote Labs as Supplementary Laboratory Tool in Real Lab 

375 Environment

376

377 To analyse the role of remote labs as a tool for reducing difficulties faced in a traditional classroom, 

378 a pilot study was conducted amongst 194 undergraduate bioscience students. Study also included 

379 93 University professors handling biology courses to analyse how the remote labs can aid in 

380 reducing their workload in a traditional classroom. During data collection, participants were asked 

381 to perform any of the biotechnology remote lab experiment from a list of 20 remote experiments. 

382 The scheduler allowed users to access remote experiments concurrently. A set of questionnaire-

383 based online feedback (TAM model) was collected to analyse user’s adaptability of remote labs in 

384 curriculum and to analyse the effectiveness of using remote labs in teaching.

385

386 3.3.2. Analysis of Biotechnology Remote Labs as a Distant Education Tool – A Case Study 

387 Based on Online Feedback

388

389 For this study, we evaluated online feedback received for 20 remote triggered experiments and 

390 selected 2500 feedback responses to have complete and validated data points for analysis. Other 

391 feedback was not included to prevent sparseness in responses. Users indicated their responses by 

392 marking yes or no to a set of questions (Table 4).

393

394 4. Results

395

396 4.1 Students Adapt to Self- Learning with Virtual Laboratory Usage

397 Usage feedback data suggested 82% users were able to use and adapted to self-organised learning 

398 through an ICT environment. 18% of users faced usage issues that evolved from lack of computer 

399 provisions (data not shown).

400
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401 73.81% students indicated usage of ICT tools helped them in engaging learning (LE) by improving 

402 student -student interaction in a classroom. 74.93% students indicated virtual lab usage supported 

403 their education in an anytime-anywhere scenario without a physical presence of an instructor and 

404 they agreed post virtual lab usage helped them to perform better in real lab. 79.93% students 

405 supported virtual laboratories helped them to promote their self-organized or student-centred 

406 learning (SO). 74.28% of students suggested ICT enabled virtual laboratories as an Interactive 

407 learning platform and a supplementary classroom material for their learning (US) (Figure 3). Since 

408 only those with Cronbach alpha value greater than 0.80 were included, feedback questions 

409 demonstrated internal consistency (Table 5).

410

411 Pre-test and post-test examination scores of control group and test groups (Table 6) were analysed. 

412 82% of university level students and 77% of pre-university level students were able to score in the 

413 range of 70-79% marks in the post-test, improving the class average from the pre-test scenario. 

414 The same users did not score as much in their pre-test evaluations. Also, 82% of university level 

415 students and 81% of pre-university level students in test group scored in the range of 70-79% 

416 marks after using virtual laboratories as a learning exercise.

417

418 4.2 Blended Learning Models as a Key to Enhance Laboratory Education

419 The usage of virtual laboratories by university or college teachers teaching biotechnology courses 

420 was analysed. 85% of teachers indicated usage of computers as usable in their day to day life, 82% 

421 teachers indicated use of virtual laboratories as a substitute for their classroom presentations, 83% 

422 suggested usage of virtual laboratories as an examination component to assess student’s 

423 performance, 82% of them suggested virtual lab usage reduces their time spend in preparing 

424 materials for students and 84% teachers indicated virtual laboratories as new pedagogical practices 

425 towards better education supplementing their classroom teaching. Cronbach's alpha value 

426 (significant >= 0.80) was used as criteria for feedback questions related to usability (Table 7). 

427

428 Teachers appreciated virtual laboratories post training session and some comments by the teachers 

429 are listed:

430 1. “If there are two batches of students to do experiments in the wet lab, we have to explain 

431 the experiments twice. Sometimes we miss certain important points (of the scientific 

432 content) during our lecture. But virtual lab reduces that work load and makes it easier for 

433 both teachers and students”. 

434 2. “This is an “innovative teaching” method; instead of teaching several hours, writing on 

435 black-board, writing down the class notes – it is very interesting to have animations in the 

436 education system”.

437 3.  “At the school level, most of the students are unable to do all the experiments properly 

438 due to lack of equipment or other facilities. So it would be very useful for students if we 

439 include experiments according to school syllabus also”. “It is innovative and we can learn 

440 a lot more than regular theory classes”.

441 Comparing responses of teacher’s in the year 2014 and 2015 (Table 8), Pearson correlation 

442 coefficient was estimated as 0.9020, a strong positive correlation, which implied that high X 

443 variable scores (teacher’s positive response in the year 2014) correlated with high Y variable scores 

444 (teacher’s positive response in the year 2015) and vice versa.   Estimated p-value was 0.036171 

445 and was significant (p < 0.05).
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446

447 4.3 Online Usage Trends of Virtual Lab Experiments

448 The virtual lab online portal had collected more than 300,000 feedback received till January 31, 

449 2018. In order to extract useful information without concerns of sparseness and unsolicited data, 

450 we processed the feedback of 10 most popular experiments, in the virtual lab website. From 49842 

451 feedback responses, 49800 valid feedbacks were evaluated (other feedback eliminated due to 

452 incomplete data) for testing the virtual lab adaptability and its usage in the curriculum of university 

453 education in science and engineering disciplines all over the world. The percentage wise rating 

454 given by users for technical feedback and user experience feedback were tabulated. 58% (28884) 

455 of users rated virtual laboratories as an excellent tool for ease of use, 20% (9960) of users rated it 

456 as very good, and 18% (8964) indicated as it as a good platform for laboratory education. Fewer 

457 percentages of users found it difficult to work with the virtual lab experiment and thus they rated 

458 the technical support of virtual laboratories as average (2%, 996) or poor (2%, 996). Further 

459 analysis has shown that students faced issues while working with virtual lab experiments.  

460 Statistics showed that 62% (30876) users supported the use of virtual laboratories as an excellent 

461 complementing tool for classroom education, 15% (7470) rated as very good, and 10 % (4980) 

462 each suggested it as a good or an average tool after performing the virtual laboratories experiments.  

463 Fewer percentage of users (3%, 1494), rated it as a poor online material. 

464

465 Related study on online statistics extracted from CAPVL indicated that virtual lab users have 

466 grown rapidly on an yearly basis (also see supplementary material). In the year 2012, when the 

467 virtual laboratories were publicly launched, number of registrations was 14596 whereas the current 

468 number of users is 305327 (February 27, 2018).        

469

470                                                                 

471 4.4 Users Prefer Remote Labs as Supplementary Education tool

472 During workshops, 90% of participants selected remote light microscopy experiment as a learning 

473 exercise. Participants (teachers and students) operated microscopic slides with a plant cell and an 

474 animal cell (specimens) that were fixed on the stage of the microscopes and they finished 

475 experiments remotely. Verbal and direct feedback analysis indicated user’s choice of remote labs 

476 as a learning platform. 

477

478 From participant’s feedback, 60% of them suggested that remote labs were useful supplementary 

479 tools for making the biotechnology education more interesting and easier. 25% rated it as a good 

480 online material for effective understanding of the concepts. Nearly 15% of the participants rated 

481 this as either average material (Figure 4A). Lower rating was also correlated to network 

482 connectivity issues faced by the participants (data not shown). 

483

484 4.5 Blending Remote Labs in Laboratory Education Helps University Teachers

485 Among teachers who participated in the remote lab workshop, 84% suggested that advanced 

486 technologies like remote controlling of lab equipment were helpful in their classroom scenario, 

487 whereas 16% did not favour use of such tools in blended learning. A participating college teacher 

488 commented: "Although the remote lab didn’t feel as real as the actual lab, remote labs allows 

489 student (to) practice the experiment many times and compare the results in order to have a better 
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490 idea. This reduces our efforts in teaching the experimental concepts in the classroom so many 

491 times”.

492

493 4.6 Remote Labs as a Distant Education Tool

494 From the feedback data collected from online users, 80% users suggested that the overall 

495 interactions included in remote labs are satisfactory to understand equipment control or experiment 

496 usage. 75% users indicated that the topics covered under the remote labs were relevant to the 

497 syllabus at their institute. 25 % users suggested including more experiments on Bio-inspired 

498 robotics and biophysics lab to relate to their syllabus with inclusion of remote labs. 78% users 

499 indicated their choice of blending remote labs in their laboratory education. 90 % users suggested 

500 that remote labs reproduce valid data realistically as in the case of traditional lab. 94% users 

501 indicated that content provided by remote experimentations was easily understandable even for 

502 distant learners, thus augmenting remote lab as a distant education tool for enhancing 

503 biotechnology laboratory education (Figure 4B) (Table 4 for feedback questions).

504

505 5. Discussion 

506

507 In the context of sustainable development of educational technology, this paper covers the design, 

508 development, deployment and usage testing of virtual and remote laboratories as online 

509 repositories for complementing traditional classroom education. Both direct and indirect feedback 

510 data from several users were analysed to assess the role of ICT-based virtual laboratories on 

511 different users. Perceived usefulness of virtual and remote labs and the shift in introducing blended 

512 approach towards improved laboratory training was highlighted by the change of performance in 

513 students using virtual laboratories as educational content. 

514

515 As indicated in the feedback, the usage of virtual laboratories as a supplementary tool for regular 

516 laboratory training implicate a new trend in student-teacher interactions. Studies indicated that 

517 both teachers and students adapted to virtual laboratories implicating an increase in perceived 

518 usefulness of virtual labs in curriculum. In direct and indirect feedback, learners showed concept-

519 based learning was augmented during virtual lab usage in the absence of an instructor. We also 

520 noticed that students who performed virtual laboratories were able to learn concepts of experiments 

521 in an instructor-independent manner indicating the self-organization abilities amongst students, 

522 reducing student-teacher interaction in a traditional classroom. Students preferred virtual 

523 laboratories as a pre-lab material to acquaint the basics of each experiment before practicing it in 

524 a wet lab. Our studies also showed enhanced learning outcomes amongst students, which 

525 implicated virtual (animations, simulations) and remote labs augment self-organized learning 

526 within traditional classroom learning. Feedback from students suggest that they learnt more from 

527 virtual lab exercises and they have indicated the prominence of repeatability to reproduce 

528 laboratory exercises. Student’s direct feedback supported virtual lab as a novel self-learning tool 

529 that promotes their meta cognition, learning engagement, self-adaptability, and transfer of 

530 knowledge. Analysis of the pre-test and post test scores amongst the control groups indicated that 

531 by implementing virtual laboratories in classrooms, class average has been improving as compared 

532 to pre-test scenario. Also, the test groups (university level and pre-university level) scored better 

533 in the examination compared to control groups. Student’s performance in a classroom with virtual 

534 laboratory exercises have shown significant improvements in their learning outcomes. A key 
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535 outcome towards the relevance of virtual laboratories was consequent usage in the curriculum 

536 ensured a better academic performance. 

537

538 We found the usage of remote labs as additional classroom material overcame some of the 

539 perceived inadequacy for facilities (in some rural campuses) for educating skillsets needed for 

540 research. Workshop participants from India’s rural and geographically remote non-city regions 

541 perceived remote labs as a distant education tool for equipment training and as a platform that 

542 allowed repeated usage of devices beyond scheduled classroom hours. Some issues related to poor 

543 usability of the remote labs was correlated to technical issues and inconsistent network 

544 connectivity. Deployments suggest low-cost and feasible FOSS based implementation facilitate 

545 augmented teacher interaction and usage adaptability with our remote labs. 

546

547 Some of the limitations of the study included looking at larger populations of both engineering and 

548 science students from different geographically distinct continents and varying backgrounds, in 

549 order to provide a more generalized understanding of how self-organized learning could be 

550 enhanced with the usage of virtual and remote labs. Also, in some cases pre-usage training on 

551 virtual laboratories is essential among teachers of diverse age groups. Studies indicate virtual 

552 laboratories cannot completely substitute existing educational institutes or replace hands-on 

553 laboratory courses. Immersive inclusion of such ICT techniques in education will enhance 

554 pedagogical roles of instructor-independent learning in universities and colleges dealing with a 

555 large student ratio. 

556

557 Web analytics indicated that the number of virtual lab users has been increasing continuously 

558 throughout the year. Our virtual labs have 305327 registered users with a steady increase of new 

559 users per month. This anticipates the utility of this virtual laboratories project at a joint individual-

560 enterprise scale. As Massive Open Online Courses (MOOCs) have gained momentum as learning 

561 environments, rapid usage acceptance of virtual and remote labs indicated these online labs 

562 facilitating augmented laboratory experience, and have allowed users to adapt to self-organize 

563 blended learning. Although evaluations will need other metrics and features, our approach to 

564 virtualization had answered many key results in establishing the virtual lab features such as 

565 teacher-independent/teacher-friendly approach to e-learning. 

566

567 6. Conclusion

568

569 The study outlined design, implementation and deployment of virtual and remote laboratories in 

570 the field of science and engineering education. Local schools and other universities are 

571 implementing virtual and remote labs as a classroom component for laboratory skill training 

572 through our nodal center program. User data and web analytics indicates a large number of 

573 community college and University students from US, Europe and few users and institutions in 

574 Northern Africa as regulars indicating the explorable ubiquity as a generalised learning tool. We 

575 have already deployed regular usage with more than 100 institutions in India implementing this on 

576 a regular basis among their students. A future study will investigate what signifies as metrics for 

577 these novel methods in teacher-independent reflective learning practices. 

578
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Figure 1

Architecture of remote laboratories.

The remote laboratories included a client-server architecture and was handled by the CAPVL

platform.
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Figure 2

Organization of CAPVL (virtual laboratory) platform for implementing and deploying

virtual and remote laboratory experiments.

A. Component-level diagram of virtual laboratory experiments. B. Operational flow in virtual

laboratory platform.
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Figure 3

Feedback-based evaluation of virtual laboratories among student users.

Percentage scale analysis report was shown for each feedback question. Y- Yes, N-No. Y

means that the users agreed positively on a particular question. N means that the user does

not agree on that question, CS- Can’t say, means that the user neither said ‘Yes’ or ‘No’.

Abbreviations – US – Usability, LE – Learning Engagement, SO – Self Organizing, MR – Memory

Retention.
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Figure 4

Remote laboratories as a distant education tool.

A. User feedback responses from remote laboratory usage by students in the context of a

distant education tool towards enhancing biotechnology laboratory education. B. Online

feedback data analyzed from distant learner's usage of an remotely controlled experiment.
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Table 1(on next page)

Virtual laboratory workshops conducted for teachers and students.

Direct feedback collected during onsite hands-on workshops.
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1

2

3

4

Workshop based evaluation

Type of lab Number of student 

participants

Number of teacher 

participants

Biotechnology virtual 

lab

384 141 

Biotechnology remote 

lab

194 93

Online feedback

Type of lab Number of 

feedback obtained

Number of feedback evaluated

Biotechnology virtual 

lab

> 300000 49800

Biotechnology remote 

lab

>5000 2500
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Table 2(on next page)

Usage and technology adoption analysis.

Usage and technology adoption factors analysed on student learners using Biotechnology

virtual labs (TAM and OER survey models).
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1

2

3

4

5

6

7

8

9

10

Analysis factors Research focus Hypothesis

Usability (US)

User interaction 

with computers

Computer literacy

Easiness of usage

Computers in education

Interactive learning platform

 Supplementary classroom 

material

ICT would be a solution for 

providing better education.

Learning 

Engagement (LE)

Student-student 

interaction

Curiosity to learn science

Logical reasoning

Constructivist thinking

Increases motivation

Learning faster

ICT helped to improve student 

-student interaction in a 

classroom.

Self-

Organization(SO)

Student centered 

learning

Control laboratory materials 

and equipment

Creative thinking

Autonomous learning

self-assessment

Time management

Virtual labs promote self-

organized learning.

Memory 

Retention(MR)

Student-teacher 

interaction

Perform better in real lab

Score analysis

Reduce examination stress

Virtual labs act as a platform 

for education anytime-

anywhere without the physical 

presence of an instructor.
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Table 3(on next page)

Online feedback survey.

Questions employed on virtual laboratory learners and users as part of the online feedback

survey.
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1

2

3

Feedback questions

Technical feedback User experience feedback

To what did you have control over the 

interactions?

Virtual labs allow familiarizing with the 

basic laboratory techniques in par with 

regular theory classes.

How do you rate the online performance of 

the experiment?

Virtual labs can be used as a laboratory 

reference material.

Was the measurement and data analysis 

easy for you?

Virtual labs help to enhance, intensify and 

motivate user attention thus improving the 

scale of lab performance.

Were the results of the experiment easily 

interpreted?

Virtual labs help users to access costly and 

highly sensitive equipment. 

Could you easily run the experiment 

without any interruptions?

Topics covered relevant to the courses in 

your curriculum. 
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Table 4(on next page)

Remote laboratories survey questionnaire

Questions included as part of the online feedback survey on users of remote laboratories.
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Questio

n

Feedback Questions

Q1 Do you think overall interactions included in remote labs are

satisfactory to understand equipment control or experiment usage?

Q2 Were topics covered relevant to the syllabus at your institute?

Q3 Would you prefer including remote trigger experiments in your

classroom?

Q4 The remote labs reproduce valid data realistically as in the case of

traditional lab?

Q5 Do you think the content provided by remote experimentations was

easily understandable even for distant learners?
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Table 5(on next page)

Construct measurement in TAM

Each TAM construct was estimated individually from user feedback.
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1

Analysis 

Factor

            Questions for analysis Cronbach’s 

α  (K12 

students)

Cronbach’s α 
(University 

level students)

The usage of computers is an easy thing in the 

day to day life.

Virtual learning as a technological medium that 

assist in the communication of knowledge in a 

particular subject.

Computer based learning provide individualized 

learning situations via animated experiments, 

simulations, emulations etc.

Usability (US)

Virtual reality technologies are revolutionizing 

the current education system.

0.86 0.86

Virtual labs enhance, intensify and motivate 

student attention towards learning.

Virtual lab experimentation in science supports 

student-centered learning.

 “The more you perform, the more you learn”- 

Rate your point of view about this statement. 

Learning 

Engagement

(LE)

Supportive instructional and assessment tool 

that improve cognitive and social behaviours of 

student groups.

0.81 0.86

Virtual labs allow student to familiarize the 

basic lab techniques easily.

Virtual labs train the students in the aspects of 

using laboratory equipment and reagents.

Content rich virtual lab is an important reference 

material.Self-

organization

(SO)
Virtual labs help to follow   standardized 

protocols without the presence of a lab 

instructor.

0.85 0.86

“A picture is worth a thousand words”. “The 

more you perform, the more you learn”- Rate 

your point of view about this statement.

Virtual labs can be used as a pre-lab material.

Memory 

retention

(MR)

Virtual lab experiments easily memorable than 

traditional method.

0.80 0.85
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2

Referring virtual labs would help you to score 

high marks in your traditional lab exams.
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Table 6(on next page)

User performance in pre and post-test evaluation.

Evaluating user performance among virtual laboratory users.
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1

2

3

Study group University level students Pre-university level students

Pre-test Post-test Pre-test Post-testStudy 

Criterion
Percentage 

of marks

Number 

of 

students

Number 

of 

students

Percentage 

of marks

Number 

of 

students

Number 

of 

students

100 0 2 100 0 2

90 - 99 0 8 90 - 99 0 7

80-89 2 28 80-89 1 29

70-79 11 42 70-79 15 37

60-69 30 9 60-69 27 11

50-59 38 7 50-59 35 10

Control 

Group

<50 15 0 <50 18 0

100 4 100 5

90 - 99 10 90 - 99 14

80-89 22 80-89 20

70-79 42 70-79 38

60-69 13 60-69 16

50-59 5 50-59 3

Test Group

<50 0

Results 

tabulated 

for 

analysis

<50 0

Results 

tabulated 

for 

analysis
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Table 7(on next page)

Construct measurement in TAM among teachers.

Summary of construct measurement in TAM from Teacher’s feedback responses. Each TAM

construct was estimated individually.
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1

2

3

4

Analysis 

Factor

Questions for analysis Yes No Cronbach’s α

The usage of computers is 

an easy thing in the day to 

day life. 

85 15

Virtual labs substitute for 

class room presentations in 

teaching.

82 18

Virtual labs could be used 

as examination component 

to assess user performance 

in a better way.

83 17

I will encourage my 

students to use virtual labs, 

so that I can reduce my time 

spend in preparing 

materials for students.                                     

82 18

Usability of 

virtual labs 

in teaching

(US)

Virtual laboratories provide 

new inventions towards 

effective education 

supplementing class room 

teaching. 

84 16

0.80
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Table 8(on next page)

Feedback response from college teachers.

Correlation in teacher’s responses for virtual laboratory usage in 2014 and 2015.
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1

2

3

4

Teacher’s Positive 

response (Yes) 

(Percentage)

Teacher’s Positive 

response

 (Yes) (Percentage)

Questions for analysis

2014 2015

Pearson 

correlation 

coefficient

Virtual labs can be used as a 

substitute for class room 

presentations in the classroom 

teaching.

82 90

Virtual laboratories provide 

new inventions towards 

effective educational 

supplementing the regular 

class room teaching.

82 90

Virtual lab demonstrations are 

effective in an overcrowded 

classroom scenario.

78 80.2

Virtual labs can be used as a 

supplement for laboratory 

education. 

82 84.6

Virtual labs can be used as an 

examination component to 

assess user performance in a 

better way.

78 79.1

0.9020 
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