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     Abstract—This paper discusses how multiphysics simulations 
and applications are being used to build essential skills in 
preparation for entry into an Industry 4.0 workforce. In a highly 
networked and collaborative human/machine cyberspace, some 
important competencies for engineering graduates include the 
ability to: (1) explore design options and results easily between 
suites of software, (2) predict and visualize performance of 
complex problems in the beginning phase of the design process, 
and (3) identify and optimize key parameters prior to 
fabrication. We describe how integrated project- and inquiry-
based learning in the context of a simulation environment and 
across the curriculum is improving student readiness and 
transition into industry. Our paper offers a template of how to 
transition into a curriculum that produces newly minted 
engineers better equipped to engage in complex design. 
Examples of project assignments, assessment methods, and 
student work are discussed as well as future plans. 

     Keywords— Multiphysics modeling, simulation, design, 
engineering, manufacturing 

I. INTRODUCTION

This paper provides an example of a vertically integrated 
course sequence in the undergraduate (UG) engineering 
curriculum at the University of Hartford (UH). The strategy is 
early and consistent integration of learning and discovery with 
modern computational skills. Students transition from (1) 
basic computer skills courses to (2) discipline-specific survey 
courses with multiple simulation assignments and embedded 
inquiry-based learning (IBL), and, finally, (3) specialized 
professional electives that focus on advanced modeling and 
simulation. This approach fosters a deeper grasp of theoretical 
cause/effect relationships and cultivates precisely those skills 
required for the design processes representative of Industry 
4.0. 

The motivation for the work was to transform our UG 
engineering curricula to better equip students to create, 
optimize, and validate complex designs. This ultimately led to 
the successful integration of multiphysics simulations into 
survey courses and professional electives, and resulted in 
better digital engineering preparedness for our graduates. The 
paper discusses the skillsets needed to successfully perform 
component and assembly design prior to manufacturing. 
Specifically, how multiphysics software can be integrated 
with other tools to analyze, predict, and optimize design 
performance. 

     Embedding modern computational skills across the 
curriculum is the cornerstone of our strategy. The approach 
radically changes the concept of student assessment by 
emphasizing both theoretical concepts and their simulation 
counterparts. For most of our engineering undergraduates, the 
process begins in the first year with a graphical 

communication course such as computer-aided 
design/engineering (CAD/CAE) and engineering computer 
applications course. Simulations and application building are 
introduced in the second, third, and fourth year of required 
engineering courses. 

At UH, as well as many other institutions, the first 
specialized, computational skills courses are graphics course 
incorporating AutoCAD® and an engineering computer 
application course taken by all engineering majors. The 
objective of the former is to teach students how to create 
drawing packages that are fully dimensioned and 
manufacturing tolerances specified. The latter course consists 
of computer programming, data science, and tools for solving 
problems (e.g. MATLAB®, Microsoft Excel).  

For mechanical engineering (ME) majors, another 
computer-aided design (CAD) course with SOLIDWORKS® 
and ANSYS® is placed in either the second or third year. Until 
recently, a combination of the aforementioned courses and 
relevant professional electives such as finite element analysis 
(FEA) was the extent of simulation and modeling in the ME 
curriculum.  

Electrical engineering (EE) and computer engineering 
(CompE) majors encounter simulation throughout their UG 
tenure. This experience primarily centers on problems that 
involve one dimension, i.e. time, since many specialties such 
as signal processing, circuit design, control, and data 
acquisition do not necessarily require spatial dimensions as a 
consideration. However, most graduate without ever learning 
how to solve problems or create designs in a multidimensional 
setting. 

Additional professional elective courses focus on 
advanced modeling and simulation and are available to all 4th 
year UGs and Masters candidates. These courses have proven 
to be of great value as students benefit from exposure to 
design concepts/issues outside of their discipline such as heat 
transfer for EE/CompE and electromagnetic fields for ME.    

II. BACKGROUND

A. Educational Implications of Industry 4.0
The term Industry 4.0 describes a wide range of 

technologies and capabilities that make up what is now 
considered to be the fourth generation of major trends in the 
global state of manufacturing and services. The three previous 
revolutions transpired over the past 250 years and are 
characterized by (1) mechanization via steam and water 
power, (2) interchangeable parts and mass production with 
electrically-powered assembly lines, and (3) integration of 
computers for automated process control. For Industry 4.0, 
some of the key aspects involve: (1) artificial intelligence and 
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big data integrated into machine learning, control, and 
decision-making, (2) continued expansion of software tools 
and applications in a highly networked environment, (3) 
new/advanced materials and fabrication processes, and (4) 
humans/machines working in a virtual and collaborative 
setting.  

 A major shift is underway, and the key question for 
engineering educators is: are your students being properly 
prepared? A thorough literature review of Industry 4.0 and 
strategic roadmap by Ghobakhloo [1] found twelve key design 
principles. This digital transformation is described by Richert, 
Shehadeh, Willicks, and Jeschke [2] as a challenge of learning 
to solve complex, multidisciplinary problems within changing 
teams in virtual worlds. Jeganathan, Khan, Raju, and 
Narayanasamy [3] went so far as to propose a single 
curriculum framework specifically for Industry 4.0. It is 
unclear how most engineering programs plan to address these 
changing educational requirements. Perhaps as augmented 
reality technology finds its way into institutional settings, 
more experiential results will be reported.  Thus far, UH has 
taken the path of evolutionary change by increasing the 
emphasis on simulation-based learning and multidisciplinary 
problem solving in UG course bundles.  

B. Software Plaforms Used in Prototype Design 
In the design process of manufactured products, there has 

been for several decades an expanding and evolving role 
played by specialized software platforms in the creation, 
analysis, and evaluation of prototype alternatives. However, 
there are relatively few examples [4-6] making a case for 
exploring engineering topics using modern software tools, and 
they mostly deal with individual courses. It should be noted 
that although Bruhl, Gash, Freidenberg, Conley, and Moody 
[6] advocate for integrating finite element analysis (FEA) 
practice throughout the civil engineering and ME curricula, 
we could not find any institutions where this has been 
implemented. 

 One question that often comes up is: ‘how well-prepared 
are students to use modern cyber devices and which ones are 
most prevalent?’ Motyl, Boronio, Uberti, Speranza, and 
Filippi [8] performed a survey and found that the two largest 
groups are smartphones and laptop/desktop computers. They 
suggest that students are quite well prepared for the integration 
of simulation and modeling into the curriculum. 

 To address the above educational skill requirement at UH, 
the authors first incorporated multiphysics simulations into 
the curriculum ten years ago. Initially, there were concerns 
about how quickly and effectively undergraduates in 
particular could learn to use the complex user interfaces and 
underlying numerical methods resident in the software. A 
detailed discussion of what turned out to be a rather successful 
evolution of simulation content into our UG curriculum can 
be found in Ref. 7.  

III. SIMULATION AND DESIGN INTEGRATION 
Consider, for example, the task of creating a design for an 

electro-mechanical device consisting of two assemblies. The 
first is a physical area where solids/fluids interact with a 
sensor and/or actuator such as a piezo-electric element or a 
motorized mixer. The second assembly is an electronic circuit 
that receives sensor outputs and/or generates a driver signal 
for an actuator located in the prior assembly. In total, the 

design consists of two components, one mechanical and the 
other electronic, that must be interfaced and work in tandem. 
Let’s explore the primary design steps and software tools that 
might be used to develop a fully functioning device.  

 For our purposes, three software platforms are employed: 
(1) SOLIDWORKS, (2) COMSOL Multiphysics®, and (3) 
OrCAD® PSpice®. These platforms can be interfaced to one 
another via import/export of files or synchronized so that any 
change made in one is automatically propagated to the others. 
To illustrate how a design process may unfold, Fig. 1 shows 
the three platforms linked into a sequence of activities and 
interactions to be performed prior to producing a working 
prototype.  

 It normally begins with a set of product requirements or 
objectives that either relate directly to the mechanical and/or 
electrical performance of the device or may designate 
expectations in the areas of reliability, durability, 
manufacturing, or packaging. The first step then is to create a 
suitable mechanical structure in the form of a 3D drawing 
package within SOLIDWORKS®. This structure may contain 
fluids, channels, and solid domains including parts such as 
electrodes, motors, or interconnects. Once created this file 
should provide a complete set of dimensions, tolerances, and 
material selections for the device. In the early stages, multiple 
independent designs will likely be analyzed in parallel until it 
becomes clear which one is the best candidate. 

 

Fig. 1. Electro-mechanical assembly design process and software 

 The next step is to prepare a modeling file within 
COMSOL into which the drawing file can be imported. Prior 
to the import, the model should reflect the number of space 
dimensions (e.g. 2D, 2D-axisymmetric, or 3D) and represent 
the most significant parameters as variables to facilitate in-
depth analysis. The relevant physics should also be identified 
such as heat transfer, fluid flow, electric circuits, etc. It is 
essential that all of the governing equations are included with 
a complete set of boundary conditions and excitations.  

 The drawing file can now be imported, and the materials 
(with properties) incorporated and linked to the physical 
domains within the device. Prior to performing a study, an 
appropriate mesh or finite element structure is created which 
can take a lot of time and effort depending on the complexity 
of the device physics. After a finished study is obtained, a 
wide range of plots and tables can be post-processed and 
examined. Some common analysis types that may produce 
insightful results are: parametric sweeps, material sweeps, 
internal probe (or cuts) plots along specific contours, and 
parametric sensitivities/optimizations. 

 Here is where the design process becomes 
interdisciplinary. Assume that the excitation function is to be 
replaced by an actual electronic circuit. In Fig. 1, this can be 
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accomplished using OrCAD® PSpice® that can simulate the 
performance of an electronic circuit, After the circuit design 
is deemed acceptable, the file can be imported into 
COMSOL® and used as the excitation source within the 
model.  

 Some modifications to the physics and boundary 
conditions may be needed in the changeover. Additional 
studies will likely be worthwhile to further refine the overall 
electro-mechanical design. In most cases, the design process 
is highly iterative and requires a lot of re-thinking and back-
and-forth across the various software platforms to produce a 
worthwhile outcome. 

 Once a successful design is identified for both the 
mechanical and electrical assemblies, the next stage is to 
fabricate a physical prototype. In this example, the 
SOLIDWORKS® file would be targeted by a 3D printer to 
produce the mechanical assembly. A capture feature in 
PSpice® can produce a printed circuit board layout for 
fabrication and population with electrical components. 
Following final integration and assembly, a working prototype 
is ready for testing and validation. The entire design process 
just discussed could have been performed in a networked 
computing environment involving multiple individuals/teams, 
each located in different places, facilities, and organizations. 
This is the present and future of engineering design that 
graduates will encounter.   

IV. MULTIPHYSICS & SIMULATION COURSES 

A.  Required Courses for ME Undergraduates 
 Given the previous design example, this is why and how 
in the ME program we evolved a strong emphasis on modeling 
and simulation. For many years, we have been hearing from 
students that basic computational skills courses have been 
placed far apart from the professional electives. On our side of 
the aisle, we saw benefits of having descriptive geometry 
topics before a string of mechanics courses. We also 
understood the necessity of a computer application course 
with an emphasis on problem solving tools such as 
MATLAB® and MS Excel. However, the follow-up survey 
courses did not necessarily incorporate modern computational 
tools. Most capstone projects are sourced from and sponsored 
by industry and have at least one component that requires 
simulations. We needed to bridge this perceived gap.  

 We now use the example of thermo-fluids sequence in the 
ME curriculum to illustrate discipline-specific survey courses 
with multiple simulation assignments and an embedded 
inquiry-based learning (IBL). The sequence consists of 
thermodynamics in the second year, and fluid mechanics and 
heat transfer in the third year [7]. The choice of software 
(COMSOL) is the result of the  authors’ prior success with a 
graduate multiphysics modeling course. Our initial objective 
was to have a software tool that provided sufficient 
disciplinary breadth to address a range of engineering 
problems. 

 The thermodynamics course has four simulation 
assignments that introduce students to the software. The use 
of the software in the final project is limited due to the 
students’ inexperience in simulations. Fluid mechanics and 
heat transfer contain ten simulations along with an embedded 
IBL as well as application building. Each of these courses is 
based upon four strategic learning pillars [7]. The first pillar is 

to employ exciting and relevant images, animations, and 
movies, both inside and outside of the classroom. Images help 
students stay engaged, enabling them to visualize and 
understand effects that can be hard to see or imagine. The 
second pillar is an enhanced online environment that includes 
not only lecture materials and practice problems, but also 
visuals, and outside resources like blog posts and videos. The 
augmented online learning space provides students with 
access to better (and more) information which helps lighten 
the load on faculty during office hours. The third pillar is the 
‘new homework,’ simulation and application assignments. 
Simulations start out simple, but gain complexity as students 
become more familiar with the software tool. Customized 
grading rubrics include a section for IBL with similarly 
increasing levels of difficulty as the course progresses. The 
fourth pillar is faculty mentoring and effective reference 
materials that help move students from structured tasks 
(guided simulation assignments) to the unstructured IBL. 

 In one project, a user application that employs the 
underlying simulation must be developed. Figure 2 shows an 
example of one student’s work. It contains an area where the 
user can simulate different fluids and/or values for such 
parameters as size and location of the flow over a cylinder and 
the distance between the surrounding walls. The graphical 
area has a tabbed interface that can show either the geometry, 
velocity field, or fluid pressure. 

 

Fig. 2. Application interface for particle flow past a cylinder 

B.  Required Courses for EE/CompE Undergraduates 
The EE and CompE curricula have a long history of 

embedded simulations dispersed across the discipline 
specific courses. The process begins with a four course 
sequence focused on circuit and electronic analysis/design 
taken in the 2nd and 3rd years. Students learn how to use 
PSpice® to create time and frequency analyses of circuits that 
contain both active and passive components. In laboratory 
sections, student designs are (1) simulated prior to being (2) 
breadboarded, and (3) measured to compare with actual 
results with those predicted. Physical printed circuit board 
layouts and fabrication are not included in this sequence; 
however, students are encouraged to learn this feature outside 
of class. 
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     During the 3rd and 4th year, additional courses introduce 
other software platforms such as National Instruments 
LabVIEW® and MatLAB Simulink®. These platforms 
concentrate on time domain data acquisition, signal 
processing and automation/control. Programming and 
configuration skills are learned that enable both digital and 
analog signals to be processed as either inputs or outputs. 
CompE has an emphasis on digital processing so students are 
required to take courses that use very high-level description 
language (VHDL) to design, simulate, build and confirm the 
function of a variety of programmable devices. 

The challenge for EE and CompE was how to broaden the 
exposure to include multiple dimensions of space and time. 
With the traditional emphasis on the time domain, graduates 
were not exposed to heat transfer, solid mechanics, or even 
devices that rely on electro-, magneto-, acousto- or piezo- 
effects. This became part of our motivation for development 
of the multiphysics course described below which is open to 
all engineering majors.  

C.  Professional Electives 
 For MEs, three professional elective courses are offered in 
the fourth year that extend and deepen the simulation 
experience. Convective Heat and Mass Transfer is open to all 
ME UG majors and graduate students. This course contains 
ten simulation assignments. A second elective, Finite Element 
Analysis, addresses the analysis of 2D and 3D physical 
structures. In addition, a Computational ME concentration 
(Comp ME) was recently established for those UGs who wish 
to focus in this area. 

For EEs and CompEs, two graduate courses may be taken 
by 4th year students: System Design & Implementation 
followed by Simulation & Rapid Prototyping. Both courses 
concentrate on the design of complex analog and digital 
circuits that are first simulated in PSpice® and then fabricated 
on custom printed circuit boards with component layouts 
created using the Capture feature. A multi-week culminating 
project integrates and demonstrates the full set of skills 
learned. 

 The most advanced content or simulation skill 
development is Multidisciplinary Modeling which is available 
to all fourth year engineering majors as well as graduate 
students. A detailed discussion of the content, examples and 
assessment can be found in Ref. 9. Complementing the lecture 
portion of the course, seven simulation assignments as well as 
a multi-week end-of-semester IBL project are required. An 
example of one project is particularly valuable for EE majors. 
It involves analyzing the radar cross-section produced when 
an incident plane wave strikes a 2D metallic surface. Figure 3 
shows the total electric field in polar coordinates in the form 
of a colorized surface plot. Students are expected to 
investigate how the shape of the object affects the reflected 
electric field as the angle of incidence changes.  

 A second and more in depth multidisciplinary modeling 
course is being contemplated as a follow on to the above 
offering. It would include a robust exposure to sensitivity 
analysis and optimization for models with multiple sets of 
coupled physics and/or nonlinear material properties. 

 

 

Fig. 3. Reflected electric field (V/m) from an incident plane wave 

D. Assessment of Student Work 
 Assessment of student work varies somewhat in each of 
the courses; however, the emphasis is consistently on the 
technical reports that document simulation work. As an 
example, here is how assessment is performed in the 
professional elective, Multidisciplinary Modeling. Each 
technical report is graded using a Report Grading Criteria that 
lists/describes the specific elements to be included and 
addressed. Students normally start with an exported raw report 
directly from COMSOL and modify it to suit their purposes. 
This raw report contains most of the table and figures needed; 
however, many are unnecessary and should be removed. 
Students write a narrative in each section that discusses the 
illustrations and what is being presented. All tables and figures 
must be fully captioned and referenced.  

 While much of the modeling work is guided by step by 
step instruction, each assignment has an IBL component in 
which students must figure out what to do on their own. The 
IBL component requires that they perform some research and 
exploration to accomplish this task. In the Report Grading 
Criteria, the IBL requirement is described in sufficient detail 
with clear expectations. Table I is a sample Report Grading 
Criteria for one of the assignments that shows how points are 
distributed and awarded. In addition to the reports, some 
weight (typically 10%) is placed an online quiz associated 
with each assignment. 

TABLE I.  SAMPLE REPORT GRADING CRITERIA 

Area Points 

Custom cover page: Name, report title, report no., & insert thumbnail. 15 

Structure: Export brief report, add ‘Conclusions’ at end, modify ‘Table 
of Contents’ to include ‘Conclusions’, & create a ‘List of Figures’. 

20 

Content: Remove all tables & figures not relevant, include the following: 
geometry, mesh, figures in instructions, pressure contour plot (mmHg). 
Other figures are: specified below. Figs must be numbered consecutively, 
have relevant captions, legends with max/min values & units. 

 

40 

Inquiry-Based Learning (IBL): Create an application for an end user 
that is interested in results only. Provide a snapshot of your application 
with a time continuation parameter, relative pressure amplitude. Include 
a geometry button, mesh button, plot of velocity magnitudes, pressure 
contours, and surface displacement. ADVANCED students only: 
Surprise me with something new that I have not seen in your work before. 

 

 

25 

Total Possible Points 100 
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 After eight of the fifteen weeks, all of the modeling 
assignments will have been completed, and an end-of-
semester design project begins. The authors have tried several 
approaches: (1) all students work on the same project, (2) 
students select a project from a list, or (3) students propose a 
project. In our view, allowing students to submit a proposed 
statement of work for a project of interest works best. A 
formal oral presentation (and a technical report for graduate 
students) is required during the final week. The overall grade 
is a weighted average of the modeling reports, quizzes, and 
end-of-semester report/presentation, Table II shows how the 
course grades are computed for both graduate and UG 
students. 

TABLE II.  OVERALL COURSE GRADE 

Assignment Undergraduate Graduate 

Weekly Technical Reports (7 projects) 70 70 

Weekly Quizzes (7 projects) 10 10 

End-of-Semester IBL Project   

- Technical Report  10 

- Oral Presentation 20 10 

Total Points 100 100 

V. CONCLUSIONS 
This paper discusses how UH is improving undergraduate 

student readiness for entry level careers in the context of the 
Industry 4.0 paradigm. The strategy is early and consistent 
integration of learning and discovery with modern 
computational skills. Students transition from (1) basic 
computer skills courses to (2) discipline-specific survey 
courses with multiple simulation assignments and embedded 
inquiry-based learning (IBL), and, finally, (3) specialized 
professional electives that focus on advanced modeling and 
simulation. Graduates are better prepared to engage in digital 
product design having been exposed to the process of using 
complex and integrated industry-class software platforms 
such as AutoCAD®, SOLIDWORKS®, COMSOL 
Multiphysics®, and OrCAD® PSpice®. Feedback over 
several years from graduates regarding their readiness has 
been quite positive and plans are in place to continue 
expansion of this initiative.  
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