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Systematic Review of Teaching Kits in Biomedical Engineering

Education
1. Introduction

1.1. Motivation

Teaching kits have become invaluable tools in biomedical engineering education, providing
students with hands-on opportunities to apply theoretical concepts, develop technical skills, and
engage in problem-solving activities. Such kits provide interactive learning opportunities that
help students link abstract material to physical concepts. However, despite their increasing
adoption in laboratories and classrooms, there is significant variability in the technologies and
pedagogical strategies used across different teaching Kits. Furthermore, their overall
effectiveness in achieving specific learning outcomes remains underexplored, highlighting a
critical need for further investigation in this area.

This systematic review adheres to the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines to comprehensively analyze the current landscape of
teaching Kits in biomedical engineering education. The review focuses on evaluating the types of
technologies integrated into these kits, the educational methodologies they support, and the
outcomes reported in existing studies. This examination takes a human factors approach and
describes and compares existing solutions.

The categorization and exploration of teaching materials is not a frequently researched field
and while many educators have individual solutions for their class that spread to other
institutions via word of mouth, there is very little formal evidence outlining best practices in the
field.

The findings of this review will offer valuable insights for educators, researchers, and
developers, providing a foundation for designing more effective teaching tools that align with
evolving educational needs. By addressing these gaps and building on identified best practices,
this research aims to contribute to the advancement of biomedical engineering education,
ultimately enhancing the learning experience and better preparing students for professional
practice.

1.2. Definition of “Teaching Kit”

This review defines “teaching kit” as a collection of materials, tools or resources that serves
the purpose of assisting educators in delivering an instructional experience or that assists students
in understanding and participating in an instructional experience.

1.3. Definition of “Bioengineering”

This review defines “bioengineering” a) as any engineering related activity with the goal
of improving human health, or b) an activity that would give students in an accredited biomedical
engineering program the skills that would be necessary to engage in a).



1.4. Methodology

PRISMA-S (Preferred Reporting Items for Systematic Reviews and Meta-Analyses —
Search) is a reporting guideline designed to enhance the transparency, comprehensiveness, and
reproducibility of search strategies in systematic reviews and meta-analyses. As an extension to
the broader PRISMA Statement, PRISMA-S focuses specifically on the search component, which
is crucial for identifying all relevant studies. The guideline includes twelve checklist items,
covering essential aspects such as specifying the databases and platforms used, providing full
search strategies with detailed syntax, and reporting any limits or restrictions applied. It also
emphasizes transparency in documenting supplementary search methods, such as manual
searching or citation chasing, and requires reporting the number of records identified from each
source. Additionally, PRISMA-S highlights the need to describe software or tools used, updates to
the search, and methods for record deduplication. Justifications for including grey literature and
for using non-database search methods are also critical components. By addressing these elements,
PRISMA-S ensures that systematic review search strategies are fully documented, facilitating
verification, replication, and confidence in the evidence synthesis process [1].

2. Method

2.1. Information Sources and Methods

The databases searched included SCOPUS, Web of Science, ERIC, and Education Source,
which represent some of the most widely recognized and comprehensive sources for academic
research. To complement these database searches, specific journals were selected for hand
searching. The targeted journals were Biomedical Engineering Education and Engineering
Studies, both of which publish research closely aligned with the focus of this study as per their
editorial statements. This combined approach ensured coverage of both broad and specialized
sources relevant to the topic.

Multi-database searches were initially attempted to cast a wider net; however, the results
were not included due to the high proportion of irrelevant results and the overwhelming volume
of diverse content that was not feasible to screen effectively. To maintain focus and efficiency,
only results from the most reliable and directly applicable sources were retained for further
analysis. This approach ensured the data remained manageable and aligned with the study’s
objectives. It is important to note that education technology is a new and emerging field with a
lack of standardized terminology, so most searches need to have a broad scope to identify all
useful papers.

Additional strategies, such as searching study registries, citing literature, or contacting
authors, were not prioritized for this review. Study registries are not commonly utilized in
engineering education research, making their inclusion less impactful. Similarly, citing literature
and author contact were deemed less effective, as many papers in this field are authored by
researchers whose primary focus lies outside of engineering education or by teaching-focused
faculty who do not consistently contribute to research. By concentrating on the most relevant and
accessible sources, the review was able to achieve thorough and focused coverage of the existing
literature.



2.2. Search and ldentification Strategies
The following searches were run for the individual databases:

Table 2.2-1 Search Prompts Used

Database | Search Query Date

SCOPUS (ALL ( "Engineering" ) AND ALL 7-14-2024
( "Biomedical" OR "Biology" OR "Bioinstrumentation" OR "bioscience" OR "bi
o" * ) AND TITLE-ABS-KEY ( "Educational Kit" OR "Teaching Kit" OR (

( "Hands-on" OR "lab" * OR "device" OR "equipment" OR "experiential" ) AND
( "teach" * OR "learn" * ) ) ) )

ERIC engineering AND biology AND noft(("kit" OR "manipulative" OR "hands on" 7-14-2024
OR "lab" OR "device" OR "equipment" OR "experiential")) 2-18-2025
WoS ALL~("Engineering") AND ALL=("Biomedical" OR "Biology" OR 7-14-2024

"Bioinstrumentation" OR "bioscience" OR "bio" *) AND (TI = (("Educational 2-18-2025
Kit" OR "Teaching Kit" OR ( ( "Hands-on" OR "lab" * OR "device" OR
"equipment" OR "experiential" ) AND ( "teach" * OR "learn" * OR "education"
)))) OR AK = (("Educational Kit" OR "Teaching Kit" OR ( ( "Hands-on" OR
"lab" * OR "device" OR "equipment" OR "experiential" ) AND ( "teach" * OR
"learn" * OR "education" ))))OR AB = (("Educational Kit" OR "Teaching Kit"
OR ( ( "Hands-on" OR "lab" * OR "device" OR "equipment" OR "experiential" )
AND ("teach" * OR "learn" * OR "education" )))))

Education TX engineering AND TX bio* AND ( "Educational Kit" OR "Teaching Kit" OR | 7-14-2024
Source lab* ) AND (open* OR "open source" OR "affordable" OR "low-cost" ) 2-18-2025

The author remains up to date on searches by reviewing new editions of key journals
(specifically Journal of Engineering Education and Biomedical Engineering Education). No filters
or automatic exclusion criteria were included in the search strategy, aside from excluding key
words from specific sections (this is visible in the search prompt section in the table above).

2.3. Inclusion and Exclusion Criteria and User Identification

Following the search, the articles were screened based on their abstracts to ensure
alignment with the study’s focus and objectives. Given the diverse and often non-standard
terminology used in education-related research, a substantial number of papers were excluded from
full-text review. These excluded papers included those that were either incoherent or completely
irrelevant to the subject matter. Additionally, studies that primarily focused on K-12 education,
emphasized course design rather than the use or development of educational equipment, or lacked
rigorous peer review, such as catalogues or whitepapers, were also screened out. This process was
conducted to ensure only relevant research was included for further analysis.

In the full-text review phase papers were excluded for focusing on course design over kit
design (n=19), focused on the technical development of a remote lab server (n=15), did not appear
to be applicable to engineering students (n = 10), were for a demographic that is younger than the
scope of this review (n=10), did not have significant relevance to BME or engineering students



(n=11), did not have significant educational use (n = 5) or were not formatted in a way that was
compatible with the review (e.g. a magazine article that does not adequately describe the presented
kit; n = 7). In addition, (n = 2) papers were excluded due to multiple papers being present for the
same kit.

The ideal end user of a kit is a) a student in an accredited biomedical engineering program,
b) a student in a different discipline cross-enrolled in a bioengineering course, ¢) a student in an
outreach program with a skill level similar to that of a or b, or d) an educator that works primarily
with students in a, b or c. This assumes that the end user has sufficient cognitive and physical
ability to enroll and participate in laboratory-based activities at the post-secondary level. This does
not exclude students who abstain from these activities due to financial, geographic or illness
(provided they have an appropriate level of physical and cognitive ability) related constraints.

2.4. Managing Records

All articles were screened by a single reviewer, a streamlined approach that allowed for
efficient processing within the available resources. While peer review was not incorporated at this
stage due to practical considerations (mostly personnel availability), the process was conducted
with careful attention to the exclusion criteria mentioned in section 2.3 to ensure consistency and
accuracy. This approach aligns with common practices in resource-conscious reviews and provides
a solid foundation for the subsequent stages of the systematic review.

Duplicates were primarily identified and removed automatically using the reference
management software Covidence, which streamlined the data management process and ensured
an efficient and accurate deduplication procedure. Covidence is widely recognized for its
reliability in systematic reviews, and its use provided a streamlined and efficient approach to
conducting the review while minimizing screening errors. A total of (n = 1,279) records were
initially retrieved across multiple databases and sources. Specifically, records were retrieved from
Web of Science (n = 556), Education Source (n = 554), Scopus (n = 103), ERIC (n = 60). In
addition, some articles were retrieved from hand searching key journals, specifically: Biomedical
Engineering Education (BEE; n = 5), and Engineering Studies (n = 1).

Following the deduplication process, the retrieved records were screened to determine their
relevance to the study. This screening phase led to the removal of (n = 1,019) studies, mostly due
to the lack of standard terminology and inconsistent choice of publishing format present in
engineering education research. The following PRISMA diagram describes the search and
screening process in more detail:
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Figure 2.1: PRISMA Flow Diagram



3. Results

The systematic review of teaching kits for biomedical engineering provides a
comprehensive analysis of their distribution and characteristics across multiple dimensions. The
results highlight geographical trends in kit availability and adoption, as well as changes over time
in their development and use. Additionally, the review examines the task hierarchy embedded in
these kits, revealing how they scaffold learning experiences. Further, it categorizes the target
demographics these kits are designed for, the modalities through which they are delivered, and the
diverse subject matters they cover. Together, these findings offer valuable insights into the
evolution and current state of biomedical engineering education through hands-on instructional
tools.

3.1. Geographical Location

During the investigation, geographical information from the reviewed papers was
considered, recognizing the variations in educational standards across different regions. To
illustrate these geographical trends, Figure 3.1 below presents a heatmap depicting the locations
of the papers included in the review.

Figure 3.1: Heatmap of Paper Locations

The majority of the papers reviewed (n = 60) originated from the United States, with
additional contributions from Asia (n = 13), Europe (n = 19), South/Latin America (n = 3), North
Africa (n = 5), Australia (n = 3), and Canada (n = 4). This distribution is unsurprising given the



size of these regions and the availability of research funding. Additionally, some international
papers originally intended for K-12 education were recategorized as undergraduate-level based on
the author’s frame of reference. For example, Hsu et al.’s development of an open-source Arduino-
based glucose sensor teaching module, designed for middle school students and delivered as a
teacher’s workshop [2], was reassessed as more aligned with undergraduate-level learning in many
institutions outside its country of origin

3.2. Time Period

The review encompasses a diverse range of papers published between 2000 and 2025,
providing a broad perspective on the development and evolution of teaching kits for biomedical
engineering. The distribution of these papers over time is illustrated in Figure 3.2 below.
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Figure 3.2 Number of Papers Published by Year

A significant increase in the number of papers published after 2019 likely reflects the
impact of the COVID-19 pandemic, which heightened demand for remote learning activities,
however this rise started in 2018 prior to the pandemic which indicates the presence of other
factors. Student attitudes toward remote learning also shifted dramatically in the post-COVID era.
Earlier studies, such as Bhargava et al. (2005), found that 65.0% of students preferred physical lab
work over virtual alternatives, with only 19.2% favoring online labs and 14.5% expressing no
preference [3]. Similarly, Estriegana et al. (2019) reported low engagement with an online learning
environment (OLE), noting that only 46% of students completed at least 75% of OLE activities,
while 8% engaged with less than 25%. Additionally, they identified a link between student
satisfaction and the behavioral intention to use OLEs, with 18.53% of uptake attributed to



satisfaction [4]. However, by 2021, Devine and May's study using the MUSIC® model of
academic motivation showed a significant shift, with students rating their interest in remote lab
activities at 4.77 = 0.94 on a 5-point Likert scale [5]. This change is likely due to rapid
advancements in remote lab technology since 2019, along with increased familiarity among
students and educators with online learning environments.

3.3. Task Hierarchy

Figure 3.3 below illustrates the traditional task hierarchy used in most papers to introduce
their teaching kit to students, specifically in cases where the kit was evaluated within a student
population. This hierarchy reflects common instructional approaches and the sequence in which
students engaged with the kits during their learning experience.

Scaffolded Instruction
(Lecture, video, or pre-lab activity)

Pre-Kit Evaluation

. 0 0 0
(Optional) :.Sklp if not required

Use of Kit
(Hands-on activity)

komplete evaluation

Post-Kit Evaluation
(Survey, assessment, etc.)

Figure 3.3: Task Diagram of Typical Teaching Kit Introduction

In most papers reviewed, the introduction of teaching kits followed a structured format
consisting of three main stages: (1) a form of scaffolded instruction, such as a lecture, video, or
pre-lab activity to prepare students, (2) hands-on use of the kit, and (3) a post-kit evaluation, which
could take the form of a survey, formal academic assessment, or other measures. Additionally,
many studies incorporated a short pre-assessment before students engaged with the kit to establish
a baseline for evaluating learning outcomes.

However, there were notable exceptions to this traditional approach. Garcia-Gonzalez
experimented with a problem-based learning (PBL) method, in which students actively engaged
with the kit without following a pre-formulated set of instructions. The results indicated a slight
but statistically insignificant improvement in learning outcomes for the PBL group, with a median
score of 85.62 (lower quartile: 82.25, upper quartile: 86.18, min: 81, max: 90.5), compared to the
traditional learning group's median score of 83.75 (lower quartile: 81, upper quartile: 87.37,



min: 76, max: 90) (P = 0.436). This study involved 14 fifth-semester biotechnology engineering
students randomly assigned to traditional learning (n = 8) or PBL (n = 6) groups [6].

Another alternative approach was explored by Williams et al., who integrated the kit-based
activity as a replacement for some lecture content. Instead of providing a preparatory video before
the lab, students watched a short video covering additional content after completing the activity.
Despite this deviation from the standard instructional sequence, both groups still demonstrated a
statistically significant improvement in assessment results [7], highlighting the flexibility of
instructional design in effectively incorporating teaching kits into biomedical engineering
education.

3.4. Demographic

Figure 3.4 below illustrates the distribution of target demographics for the teaching kits
reviewed. The screening process was conducted with a primary focus on undergraduate-level kits,
which is reflected in the results, with 64 kits identified as specifically targeting this demographic.
However, the review also includes materials adapted from graduate-level activities and university
outreach programs, demonstrating some overlap in the application of these kits across different
educational levels.

Target Demographic of Kits

Graduate Outreach

Lower Resource

Undergraduate

Figure 3.4: Target Demographic of Teaching Kits

A distinct category labeled “lower resource” is also included in the review, representing
universities that have shared teaching kits with partner community colleges to expand access to
hands-on learning opportunities. Additionally, this category includes initiatives such as the
EngStarter kit by de Freitas et al., which was distributed to refugees with the aim of enhancing
education in refugee camps [8]. This initiative not only provided educational opportunities but also



sought to empower refugees to innovate and develop solutions to challenges within their
communities.

3.5. Modality

Figure 3.5 below describes the different modalities of the teaching kits included in the
review. Virtual kits are entirely digital, requiring no physical components, allowing them to be
used anywhere with an internet connection. “At home” kits, while still portable, consist of physical
components that can be constructed and used in various settings outside of a traditional laboratory.

Lab-based kits are further categorized based on their design and purpose. Purpose-made
lab-based kits consist of equipment specifically designed for educational use, such as the iWorks
bioinstrumentation system or the BioRadio™. In contrast, lab-based (industry) kits incorporate
equipment originally developed for industrial applications but adapted for teaching purposes.
Finally, lab-based (custom) kits include specialized equipment designed for exclusive use within
a laboratory setting, limiting their accessibility outside of structured learning environments.

Distribution of Modalities

Lab-based (custom)

Lab-based (industry)

Lab-based (purpose-made)
Virtual

At home

Figure 3.5: Modality of teaching kits

The majority of the kits reviewed are either virtual or designed for at-home use, a trend
that likely stems from the increased adoption of remote learning during and after the COVID-19
pandemic. The flexibility and accessibility of these modalities have made them popular choices
for biomedical engineering education, allowing students to engage with hands-on learning outside
of traditional lab environments.

In contrast, very few papers incorporate industry equipment for teaching purposes. This is
likely due to the high costs associated with such equipment, which can be a significant barrier in
the context of biomedical engineering education. The expense of acquiring and maintaining



industry-grade tools makes them less practical for widespread educational use, leading most
educators to rely on purpose-made or custom-designed teaching kits instead.

Alkhasawneh et al. surveyed the satisfaction of engineering students accessing remote labs
(with use TutorTims simulator). Surveys were administered to 31 students who attended either lab
online. Twenty students responded to the survey of which 45% were females. All students were
enrolled in at least one of the labs online during the pandemic (Analog communications lab or
Digital communications lab). About 54.5% of male students preferred to be in-person and
mentioned they would have done better being physically in the lab and learning how to use the
actual tool and lab equipment. For those who responded with “no” or “no difference”, their
responses focused on the quality of the simulator used in the lab and how close it was to the actual
lab tools. In addition, flexibility and learning as a team had a great impact on their online
experience. As for female students, 6 out of 9 students responded with a “no” or “no difference[9].

Asiskoy et al. conducted a survey of 240 introductory physics students in 2023 on their
perceptions of remote learning using a 5-point Likert scale, " the total mean score of the positive
expression items was 3.95 (SD = 1.16), which indicates that students have positive perceptions
about simulation-based experiments. From the answers students gave to the positive items, it was
revealed that they wanted all lab activities to be virtual (M = 3.95, SD =1.20). They also stated that
simulation-based experiments increased their motivation (M = 3.85, SD = 1.25) and learning speed
(M =3.96, SD = 1.20).” [10].

3.5.1. A Note on Virtual Reality (VR) and Augmented Reality (AR)

Reviews on the use of virtual reality (VR) as a teaching tool in biomedical engineering
education have been mixed. Some studies indicate that VR enhances student engagement and
performance, while others highlight concerns about discomfort and its limited impact on learning
outcomes. For example, Ismael's survey of 15 students in a principles of surveying course found
that 80% of participants viewed hands-on components in engineering courses as exciting and
beneficial for learning, and 73.34% believed that VR or augmented reality (AR) would enhance
their hands-on learning experiences [11]. Similarly, Rossoni's study of 10 engineering design
students showed that novice students using a VR-based CAD simulation performed at a similar
level to expert students, with final assessment scores of 77.7% and 78.5%, respectively [12].
However, other studies raise concerns. Tandon et al. found that 39.39% of students with prior VR
experience reported discomfort before engaging with VR labs, with a slight decrease to 28.29%
after completing the labs. More critically, their study concluded that VR did not significantly
improve student engagement, material understanding, retention, or transferability of skills
compared to traditional labs [13].

Wilkerson et al. found some evidence that VR may enhance learning, reporting an increase
in student pre-lab quiz scores from 76.90% (£12.95) to 83.18% (£11.72%) when VR videos were
introduced. Post-lab quiz scores also improved from 77.59% (£13.65) to 81.00% (£11.07%).
However, student satisfaction results were mixed, with only 25% of students agreeing and 7%
strongly agreeing that they wanted VR videos in future labs, while 27% disagreed and 18%
strongly disagreed [14]. On the other hand, Singh et al. surveyed 34 biomedical engineering



students in a clinical practice course and found that all students (100%) felt that VR closely
simulated their in-person experience, and 60% believed it could serve as an alternative to in-person
simulation labs [15]. Overall, these findings suggest that while VR can provide valuable learning
experiences, it may also cause discomfort and is not always well-received by students.

Some interesting applications of VR in education have been developed despite its
challenges. Kumar et al. found that VR simulations increase access to educational activities but
are costly to acquire and develop [16]. Boettcher et al. presented a virtual simulation for an
undergraduate fluid mechanics laboratory, and Han et al. created a simulated pipetting laboratory,
demonstrating the versatility of VR-based instructional tools [17].

In contrast to VR, augmented reality (AR) has generally been viewed as a positive addition
to teaching activities. Martin-Gutierrez et al. found that in a study of 25 mechanical engineering
students, an AR-based technical drawing simulator significantly improved student scores, with
gains of 8.04 = 5.31 or 9.02 + 4.08 points, compared to 4.64 = 4.63 or 5.12 £ 7.13 points in the
control group [18]. Similarly, Chen & Liu reported significant grade improvements in a study of
112 introductory chemistry students, with scores increasing from 40.19 £+ 15.93 to 52.08 + 18.75
for students who performed a hands-on AR activity and from 40.98 + 14.14 to 47.45 + 12.54 for
those who had the AR activity demonstrated to them. Additionally, student satisfaction with the
learning module improved, as reflected in 5-point Likert scale ratings increasing from 2.96 = 0.94
to 3.22 £+ 0.85 in the hands-on group and from 3.09 + 0.78 to 3.31 £ 0.80 in the demo group [19].
Other studies further support the effectiveness of AR in education. Wildan et al. received entirely
positive ratings for their AR bacteria growth lab, with all high school and undergraduate students
agreeing or strongly agreeing that AR enhanced their biology learning experience [20]. Alptekin
& Temmen also successfully developed an introductory electronics lab featuring an AR
oscilloscope [21], showcasing the potential of AR to improve practical engineering education.

3.6. Subject Matter of Kit

Figure 3.6 below illustrates the distribution of the various subject matters covered by the
teaching kits. Notably, some of the papers included in this review are review papers or surveys



rather than original studies presenting specific kits. As a result, not all 112 papers are represented
in the chart, which focuses solely on those that introduced and evaluated hands-on learning kits.

Subject Matter of Kits

_ Electrical Engineering Fundamentals Mechanical Engineering Fundamentals
Chemical Engineering Fundamentals
Computer Engineering Fundamentals

Other

Pharmaceuticals

Microfluidics Control Systems

Basic Sciences

Bioinstrumentation

Nanotechnology

Clinical Practice
Biomaterials

Biomechanics

Optics/Photonics/Imaging
Biosciences

Figure 3.6: Subject Matter of Kits
3.6.1. Bioinstrumentation

Bioinstrumentation emerged as the most common subject area among the reviewed
teaching kits, with 20 kits focused on this topic. Many papers centered around the use of
commercially available teaching kits, such as the iWorx and CleveLabs BioRadio™ systems. For
example, Andritol et al. compared the iWorx kit to traditional experiments and found that 52% of
students reported it as easy to use, while only 9% found it difficult. Additionally, 15% of students
achieved a perfect score on the activity, while only 3% scored a 5, with the rest evenly distributed
between these values [22]. Schmidt and Giuffida provided a detailed account of teaching with the
BioRadio™ [23], [24], while Dewilde et al. attempted to develop a low-cost, Arduino-based
alternative to the iWorx system [25]. Feedback from students indicated that this system allowed
for self-paced learning. Similarly, Al-Nahhas et al. created a low-cost, interchangeable
bioinstrumentation kit [26], while Giuffrida et al. developed a virtual version of a similar system
[27].



Beyond commercially available kits, many papers focused on developing low-cost
bioinstrumentation devices. Jin et al. demonstrated the Einthoven Triangle using only a box and
batteries in a highly cost-effective manner [28]. Haase et al. created a do-it-yourself (DIY)
Arduino-based electrocardiogram (EKG) [29], while Opuszynski et al. developed a low-cost ECG
device [30], with Mohamad and Noor offering a virtual version of the same concept [31]. Tepe &
Savaster took a different approach by designing an EEG system using a Raspberry Pi [32]. These
innovations highlight the ongoing efforts to make biomedical engineering education more
accessible through affordable alternatives to expensive laboratory equipment.

Several other notable studies explored unique educational applications in
bioinstrumentation. Bartocci et al. developed a teaching kit focused on cardiovascular physiology,
specifically arrhythmias and spiral wave dynamics. Student satisfaction with the kit was high, with
15 students rating it a mean score of 4.6 on a 5-point Likert scale [33]. Bjorn et al. examined gender
differences in motivation when using an EEG simulator and found that 92% of female students,
compared to only 60% of male students, were unmotivated to use the simulator [34]. Their findings
aligned with GenderMag predictions, suggesting that women prefer additional theoretical
background before engaging with hands-on simulations [35]—an observation supported by student
responses, where 54% of female students felt they needed theoretical knowledge first, compared
to just 20% of male students [34].

Other innovative studies demonstrated the versatility of teaching kits in biomedical
engineering education. Pennes et al. developed a mechatronic pump, and half of the 28 students
surveyed reported that it enhanced their understanding of mechatronic systems [36]. Luo et al.
used a cochlear implant model to teach signal processing, with most students agreeing or strongly
agreeing that anchoring skills and concepts in a physical system made learning easier [37]. Lott et
al. introduced a MATLAB-based oscilloscope for neurophysiology instruction [38], while
Campbell & Pozzi leveraged an inexpensive video game to teach neural interface and device
control [39]. Hsu et al. developed an Arduino-based glucose sensor for educational use [2].
Olansen et al pioneered one of the first remote bioinstrumentation labs in 2000, highlighting early
efforts to expand access to hands-on learning[40]. Adorno et al. explored inquiry-based learning
for electroretinography (ERG) and functional near-infrared spectroscopy (fNIRS) [41]. Franz et
al. conducted a transcutaneous electrical nerve stimulation (TENS) and electromyography (EMG)
lab, where 95.8% of students (n = 24 third-year biomedical engineering students) demonstrated
improved learning outcomes [42]. Finally, Montesinos et al. investigated the use of wearable
devices in the classroom, finding that student interest and motivation were identical between the
control and intervention groups, suggesting that wearables did not significantly impact
engagement levels [43].

3.6.2. Optics/Photonics/Imaging

The primary focus for many teaching kits in this field was affordability, likely due to the
high cost of industry-standard equipment. Researchers explored various low-cost alternatives to
provide accessible educational tools. For example, Fagerstrom demonstrated sinograms using
simple paper blocks [44], while Haidekker designed a DIY tomography scanner [45]. Brown et al.
created a compact desktop MR scanner [46], and Luo et al. and Gatkine et al. developed a DIY



spectrograph [37], [47]. In virtual learning environments, Zhao et al. introduced a virtual imaging
simulator [48]. Klinger contributed to multiple low-cost solutions, including a model of the human
eye and an affordable microscope [49], while Walzik et al. designed a portable, low-cost cell
imaging platform [50]. Grier et al. designed a low-cost DIY microscope. In a poll of 22 secondary
students during an outreach program "22.7% of students agree and 77.3% strongly agree with the
statement 'l think the microscope lesson was interesting’"[51]. These innovations reflect a broader
effort to make imaging and bioinstrumentation education more widely accessible.

Control systems teaching kits predominantly followed two major approaches: LEGO®
NXT-based systems and Arduino temperature control kits. Studies on LEGO-based kits suggest
mixed results regarding their effectiveness. Wu et al. reported that while over 80% of students
faced technical difficulties with LEGO labs, half still found them helpful for learning system
dynamics [52]. Additionally, while confidence levels increased across all topics, no significant
differences were found for modeling second-order systems or root locus diagrams. Similarly, Moor
& Piergiovanni observed that over 80% of students responded positively to questions assessing
their experience with LEGO-based labs, describing them as useful, engaging, and fun [53].
Elamvazuthi et al. also developed a system following this model [54].

The second major category, Arduino-based temperature control kits, showed strong student
approval. Takas developed a system called HeatShield [55], while Ibrahim & Abu Hansa found
that nearly all students (97%) strongly agreed that a microcontroller-based temperature control kit
improved their understanding of controller design and implementation (n = 18 third-year students
in a controls engineering course)[56]. Similarly, Tran et al.’s students rated a comparable system
4.14 on a 5-point Likert scale [57], and Oliveira et al. introduced a similar approach [58].

Some studies explored alternative approaches beyond the two dominant models. Javaid et
al. developed a haptic paddle for control systems education [59], while Stoleo et al. created
LabTech@Home, a low-cost Arduino-based PID control education kit utilizing a photoresistor
[60]. Sanchez & Bucio designed a LEGO® prototype that did not rely on an NXT brick [61],
expanding the accessibility of this teaching method. Reck et al. implemented a Raspberry Pi and
DC motor system, though they could not reject the null hypothesis regarding its impact on student
learning outcomes [62]. However, they did find a statistically significant improvement in student
satisfaction, suggesting that while the learning impact was unclear, students still valued the system
as an educational tool.

3.6.3. Biosciences

A significant portion of the reviewed papers in the biosciences section, as well as in the
basic sciences category, focused on fluorescence-based teaching tools. Ding et al. developed a
handheld portable fluorescence detector [63], while Stark et al. introduced the synthetic fluorescent
BioBits® teaching kit [64], both aimed at enhancing hands-on learning in biosciences.

PCR and gel electrophoresis were also prevalent topics in bioscience education. Maurye
designed a low-cost gel electrophoresis kit for outreach purposes, which received positive
feedback from students, with 56 participants rating its effectiveness for improved learning at an
average of 4.0 and overall satisfaction at 4.1 on a 5-point Likert scale [65]. Similarly, Yu et al.



developed a budget-friendly gel electrophoresis teaching activity using food dye as an accessible
alternative for resource-limited environments [66].

Beyond fluorescence and electrophoresis, several other notable bioscience teaching kits
were explored. Garcia-Gonzalez introduced a 3D cell culture experiment, providing students with
a more interactive approach to cell biology [6]. Low and Ellefson created an educational game for
teaching basic genetics, which significantly improved student performance and engagement. After
playing the game, students’ scores on a 16-question multiple-choice assessment increased from an
average of 61.4% to 86.6% (p < 0.001), and their reported interest in learning genetics rose by
79.5%, with post-intervention ratings improving from 4.0 to 7.2 (p < 0.001) [67].

Other innovative bioscience teaching kits included Kaiphanliam et al.'s low-cost blood
separator [68] and Nguyen et al.'s proposal for using loop-mediated isothermal amplification
(LAMP) to engage undergraduates in research [69]. Jawad et al. developed an at-home lab activity
for teaching micropipetting [70], while Rayment et al. designed take-home pipetting kits. Their
results showed that 98.2% of students successfully completed the pipetting learning outcome on
their first attempt, a success rate comparable to previous years (95.4%) [71]. Finally, Han et al.
developed a VR bio training laboratory, exploring how virtual simulations can enhance bioscience
education by providing immersive, interactive learning experiences [17].

3.6.4. Basic Sciences and Engineering Fundamentals

The reviewed teaching kits covered a wide range of fundamental science and engineering
topics, with a strong emphasis on classical mechanics and introductory physics, as explored by
Medina Uzcategui et al. [72], Bhargava [3], Howard & Meier [73] and Laouina [74]. Rossini
experimented with ways of teaching CAD [12]. Yusof et al. introduced machine learning through
CAD [75]. Fluid mechanics was addressed by Goodman et al. [76], while heat transfer concepts
were explored in studies by Diller & Bairaktarova [77], Khan et al.[78], Reynolds et al. [79] and
Mehrotra et al.[80].

Beyond physics and engineering fundamentals, process control and basic chemistry were
also popular topics, with Chen & Liu examining chemistry education through hands-on
simulations [19]. In biology, Williams et al. focused on genetics [7], Wildan et al. explored
bacterial growth [20], and Beltramini et al. developed a DNA modeling activity [81]. Other
biological and biochemical applications included Piergiovanni et al.'s study on absorption kinetics
and Dewan et al.''s research on microbial fuel cells [82], [83] and Kaushik focused on
characterizing microbial growth [84]. Radhamani et al. also introduced microbiology concepts,
but with the use of a virtual lab [85]. Tanabashi et al. created an interactive museum exhibit for
teaching cell biology [86] and Ahmad et al. created a remote process control laboratory [87].

Several studies also addressed fundamental electronics and computing topics. Silva et al.,
Alptekin & Temmen, Fuada and Mohammad et al. developed teaching kits for basic electronics
equipment [88] [19] [75] [90], while Lim et al. investigated computer architecture education [91]
and Ham et al. developed hands-on programming activities [92]. These studies demonstrate the
breadth of subjects covered in teaching kits, supporting hands-on learning across multiple
disciplines within biomedical engineering and related fields.



3.6.5. Microfluidics and Nanotechnology

Microfluidics and nanotechnology are rapidly emerging fields in biomedical engineering
education, and several studies have explored innovative teaching kits in these areas. Gerber et al.
developed a microfluidic assembly kit based on laser-cut building blocks designed for education
and fast prototyping. The kit received high student satisfaction ratings, with an average score of
8.3/10 from 35 outreach students [93].

Several researchers have focused on developing lab-on-a-chip teaching tools. Rackus et al.
and Moraes et al. both created teaching labs using microfluidic chips [94], [95], with Moraes’ study
reporting that more than 85% of 61 surveyed students found the lab to be a fun and practical hands-
on learning experience[95]. Hossain et al. expanded on this concept by developing a remote-access
lab-on-a-chip system, allowing students to engage with microfluidic experiments virtually [96].
Similarly, Wu et al. leveraged microfluidics to teach cell adhesion using a microfluidics-based cell
adhesion assay [97].

In nanotechnology education, Rodriguez introduced Oxford Nanopore’s MinlON device
to help students learn about genetic variants, providing hands-on experience with cutting-edge
sequencing and analysis techniques [98]. Vahedi & Farnoud developed an activity to teach
nanoparticle characterization which resulted in 50% of students strongly agreeing with and 22.2%
of students agreeing with the statement "I have improved upon my knowledge in NGS technologies
due to participating in this module" [99]. Gimm et al. compiled a collection of nanoscience
teaching kits, with their most notable being a nickel nanowire lab, which demonstrated high
student success rates. Their broader set of video lab manuals also included an optical transform kit
and an LED color strip kit, further expanding the educational resources available for teaching
nanoscience concepts [100] .

These studies highlight the growing integration of microfluidics and nanotechnology into
biomedical engineering education, providing students with early exposure to these advanced
technologies through hands-on, interactive learning experiences.

3.6.6. Biomaterials and Biomechanics

Several studies in the review explored innovative teaching kits for biomaterials and
biomechanics education, incorporating both virtual simulations and hands-on experimental setups.
Ural introduced a virtual biomechanics simulation activity using finite element analysis (FEA)
[101], allowing students to explore biomechanical principles in a digital environment.

In hands-on biomechanics education, Gao et al. developed an artificial finger [102], while
Garofalo et al. created a simulated snake jaw robot to demonstrate biomechanical movement [103].
Daidié et al. designed a snap-together set of one-degree-of-freedom (1 DoF) models to analyze
different gait patterns, providing a modular and interactive approach to understanding human
movement [104]. Similarly, Rokbani et al. constructed a low-cost biped robot, enabling students
to study the mechanics of human-like locomotion [105].

In biomaterials education, Kitto et al. investigated the use of biomaterials as sample
materials in traditional mechanical engineering materials testing labs [106]. By incorporating



biomaterials into standard engineering experiments, this approach provided students with a deeper
understanding of how biological materials compare to conventional engineering materials in terms
of mechanical properties.

These studies demonstrate a range of approaches to teaching biomaterials and
biomechanics, from cost-effective physical models to advanced computational simulations,
enriching student learning experiences in these fields.

3.6.7. Clinical Practice

Several studies explored the integration of clinical practice simulations into biomedical
engineering education, using both high-fidelity physical simulations and virtual reality (VR)
environments. Singh et al. introduced high-fidelity mannequins to 68 biomedical engineering
students, with 94% of students in the immersion group reporting that the simulation lab experience
helped them identify an unmet clinical need. Even among students who did not visit the simulation
lab, 74% believed that such an immersion could have been beneficial in the need-finding phase,
highlighting the perceived value of hands-on clinical exposure [107].

Singh et al. developed a VR-based simulation for biomedical engineering students to
explore patient care scenarios (see Section 3.5.1 for further details) [15]. This approach allowed
students to engage with clinical concepts in a virtual environment, offering an alternative to in-
person training.

Backstrom et al. introduced low-cost surgical simulations to 15 graduate students,
providing them with hands-on exposure to surgical procedures. Their findings indicated strong
student engagement, with over 80% of participants agreeing or strongly agreeing that the activity
improved their understanding of the procedure [108].

These studies demonstrate the growing use of both physical and virtual clinical simulations
in biomedical engineering education, emphasizing the importance of immersive learning
experiences in preparing students for real-world clinical challenges.

3.6.8. Pharmaceuticals

Kaste et al. utilized Python simulations to teach metabolic modeling to a group of seven
graduate students. Their study found a significant improvement in students’ perceived
understanding of metabolic modeling; however, students reported no significant change in their
confidence in applying these techniques to research [109]. Similarly, Allen et al. developed
modeling software designed to support computer-aided drug design education, providing students
with tools to enhance their understanding of pharmaceutical development processes [110].

3.6.9. Other

Boskovic et al. developed a teaching kit focused on acoustic trapping, providing students with
hands-on experience in manipulating particles using sound waves [111]. Pajpack et al. created an
open-source machine vision kit, expanding access to computer vision education [112]. Farrel and
Cavanaugh introduced a lifecycle design activity, where student evaluation scores significantly
improved from 26.8% to 82.8% after completing the activity (n = 24 undergraduates) [113]. Haj-



Hosseni et al. developed a remote electronics safety course, which received an average rating of
3.17/5 from students who participated in the evaluation (n = 35) [114]. Lastly, de Freitas et al.
designed a general-purpose educational kit aimed at supporting refugee learners, promoting
accessibility to STEM education in resource-limited environments [8].

4. Future Work

This systematic review represents a thorough initial examination of the landscape of
teaching kits in biomedical engineering education, focusing on the technologies, pedagogical
strategies, and reported outcomes. The comprehensive search and screening process has laid the
groundwork for a deeper investigation into this topic. The next steps involve developing a set of
requirements for developing future kits as well as an evaluation framework, which aims to provide
a robust synthesis of current practices and offer actionable recommendations for the design and
implementation of effective teaching kits in biomedical engineering education. By continuing to
build on this work, this review aspires to make a meaningful contribution to the field and support
the development of innovative and impactful educational tools.
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