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From the “pedagogy of innovation” to 3D technologies:
Mechanical models for technical-scientific training
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Abstract. This contribution analyzes the role of technology in the context of technical-scientific
training, through the evolution, also from an historical perspective, of the mechanical models
of mechanisms that have been used both to demonstrate the functionality of prototype solutions
and to integrate laboratory didactics. Starting from the so-called “pedagogy of innovation”,
which marked the birth of the modern engineering in the XVIII century, this essay explores the
main concepts at the core of structural and applicative implementations in machines designs,
with specific reference to technical-scientific training. The recent developments of 3D
technologies, which allow to develop prototypes, even miniaturized ones, of complex machines
that can be perfectly used in the context of training, confirm the importance of the role that
technology-driven learning environments have been playing in the last few years.
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1. Introduction

The role of technologies in learning processes, which was widely acknowledged in the last thirty
years, further consolidated during the COVID-19 pandemic, when the mediation of technologies was
the only solution “to the emergency phase for all levels of training” [1]. This aspect, even if it has a
primary importance [2], relegated to an almost marginal factor the contribution of technology,
understood not so much as a tool which is capable of enhancing learning environments, but as an object
of learning itself. Due to the emergency of technological literacy, which isn’t over yet despite several
warnings which date back to over 20 years ago [3], the classic Technological Method (Sterry) is still
relevant: it is based on the principle according to which technology extends human skills, because it’s
“know how” combined with knowledge [4]. In fact, the concrete use of technology, understood as an
object of learning which is capable of providing multidisciplinary skills, is invoked as a catalyst of skills
in the other classic reference of scientific literature on the reform of specialist training [5].

However, the acknowledgment of knowledge, not only in its scientific dignity but also in its
educational value — and, subsequently, as an object of communication and sharing — is quite recent. In
fact, the combination of science and technology dates back to the Renaissance, as well as the subsequent
reevaluation of the social prestige of engineers [6], whose professionalism became more and more
essential for the economic progress. In this respect, one of the privileged sectors was the construction
of machines and mechanisms which, since the XVIII century, has been treated systematically for
didactic purposes.
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That brings us to the current situation, after a long journey [7]: in the mechanical engineering,
mechanism models are often considered part of a study or design check in a design process, but they
can be considered as an important means in teaching activity. In fact, in the history of engineering and
science, mechanism models are not addressed specifically but they are considered complementary
activities either in research, or design, or teaching. Sometimes, the history of science and technology is
also explained by using them both in encyclopedic works, like for example in [8, 9], and in specific
works in conferences and journals, like for example in paper at the HHM symposia like [10], as well as
in didactic activities, as for example with LEGO packages [11]. Some specific attention is addressed to
models of mechanism when considering their values for museum exhibition and historical contents as
an attraction to past developments, as outlined for example in [12, 13, 14, 15].

2. The pedagogy of innovation and the birth of the modern engineer

Following the example of the Royal Society which, already in 1664, had obtained the privilege to
assess the inventions of new machines, in 1675 Jean-Baptiste Colbert assigned to the Académie des
Sciences the task of describing the main existing mechanisms in Europe. The “pedagogy of innovation”
[16] was born: it consisted in the obligation, for inventors, to present their new machines to scientific
societies, which became guarantors of authenticity and functionality in exchange for the right of
ownership. In short, the growing awareness of how technology had become essential for the progress
and wellbeing of humanity, was turning traditional mechanics into engineers who, however, were
capable of describing the secrets of the machine to scientists, apprentices and to an educated audience
— hence the pedagogical implications of the innovation. It’s a machine which, rather than continuing to
“mask [...] the internal mechanisms with decorative coverings” [17], discloses its intimacy to the
curious observer who, as prescribed by the emerging sensualist pedagogy, must be able to learn by
observing and having fun.

In France, however, the relationship between engineers and scholars wasn’t entirely tension-free
since, unlike other prestigious scientific institutions such as the Royal Society and the Academy of
Cimento, the Académie des Sciences was born as an official government body and represented,
therefore, the scientific-cultural manifestation of both centralised power and the “absolutist state’s
bureaucratic [...] tendencies” [18].

Almost acting as the official judge of national science, with the power of promoting or rejecting the
invention of a new machine, the Académie actually obtained full control over the engineers’ work,
causing a feeling of rejection in them, which was driven by the awareness of their dual right: not only
being able of independently managing their ideas, but also — and especially — “being judged by their
peers, by people who consider mechanical problems from their same perspective, and not based on
abstract theoretical considerations™ [19].

After all, during the age of enlightenment, technology contributed to create conditions which were
propaedeutic to next century’s industrial take-off. The real revolution of the XVII century, from a
technological perspective, wasn’t really about the machines: it was about the tools, which reached a
very high level of perfection and became essential for the affirmation of the “direct learning” of artisans,
who were able to read by then [20]. In Chaunu’s thesis, there is no conflict between the tools of the
XVII century and the machines of the XIX century: in fact, the artisans’ ability to interact with
designers, along with the diffusion of Encyclopédies and “technical schools”, was the premise for the
XIX century’s technological development, based on increasingly complex levels of practical
intelligence and skills.

However, in the XVIII century, the most intense moments for sharing technological knowledge
remained the very popular public demonstrations — just think of plays of light or balloon flights — which
consolidated the trend of living progress as a “wonderful” world, a kind of fiction that could simply be
approached without having to understand. Even literature encountered popular technology, in a
crescendo which led several so-called inventors of the time to seek their fortune, by engaging in “a few
popular scientific publications which, actually, were manuals for magicians” [21].

The arrival of the new century profoundly changed, also from a popular perspective, the image of
technology, starting from the “number of industries where technology was one (we could almost say



the only) dynamic strength” [22]. The application to the textile industry of James Watt’s steam engine
allowed to automate the movement of looms’ wheels which, until then, had depended on the strength
of arms or flowing water, whereas the mechanical loom, introduced in 1785 by Edmund Cartwright,
allowed to further speed up the production of fabrics.

The steam engine freed the factory both from the geographical constraints of proximity to natural
energy sources — water or wind strength — and from seasonal constraints, such as drought or floods of
rivers, and opened the way to a way of producing where the old workshop, which was based on the
work of one artisan, was losing its meaning. The start of the XIX not only coincided with the so-called
“age of cotton”: metallurgy, mechanical industry, construction industry and industrial chemistry
gradually established themselves, along with technological development.

The topic of professional training became, therefore, increasingly urgent due to industrial revolution:
the use of machines in industries required a specific, intentional education and, because of it, the
domestic transfer of knowledge on the correct use of tools, which could previously be passed on from
father to son, became more and more insufficient.

3. The mechanical models of mechanisms

A mechanism is a mechanical system composed of several bodies in relative motion whose aims is
to transmit motion and force, as per definition given for example in standard terminology [23] and
textbooks like [24]. In general a mechanism can be considered a key component in machine as per its
function in converting mechanical energy to a proper level for a task. In such a scheme it is also possible
to recognize a modelling of a mechanism not only for design purposes but also for explaining the
functioning of the whole machine and specifically the operation as per an intended task. Thus, a
mechanism model can be elaborated for design, simulation and exhibition purposes with solutions that
span today from virtual solutions in computer-oriented software packages to scaled simplified
mechanical constructions up to well defined prototypes or demonstrators, even referring to the same
design as an evolution of the definition of the solution. An example is illustrated in fig. 1 referring to a
linkage as a motion assisting exoskeleton for fingers, [25, 26] in which the model is designed with a
kinematic diagram in a), with a CAD solution in b) and with a lab prototype in c). The kinematic
diagram is aimed both to explain the design structure and basic parameter of the solution, the CAD
design is used to define the details of the mechanical design and the feasibility of its operation, and the
prototype is used for design validation and testing the operation performance, with activity spanning
from teaching to design up exhibition.
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Figure 1a: kinematic model for design algorithms Figure 2b: CAD model for simulation



Figure 3c: lab prototype for testing

In general, since the past mechanism models are used in a variety of activities for teaching, study,
research and design as demonstrative illustrations and presentations of validation and operation
characterization, including experimental check, and even promotion or market exhibition. They are
developed and used not only for mechanical systems, but even as means or part of systems in other
disciplines, with similar aims or complementary purposes of service as for example indicated in
Ceccarelli (2012) [27].

4. Examples from the training on mechanical engineering

Since ancient times, the design and characterization of the functionality of mechanisms in machines
have been studied and elaborated using models of various kinds not only for design purposes in
dimensional determinations aimed at construction but also to motivate and explain the efficiency of the
proposed solutions both to clients and general public. The models generally used can be identified in
graphic schemes more or less accompanied by mathematical models and relative numerical calculations
but also by physical-mechanical models with realizations both in full size in the form of prototype
products and in scale for purposes of first study and explanation of the proposed solutions.
Unfortunately, there is no physical evidence left of the models of antiquity except literature sources
which in any case have come to us without the original drawings of these models. One can refer, for
example, to the work of Archimedes, [28] and Roman engineers, among all the work of Vitruvius, [29]
whose specific studies on machines and mechanisms were then rediscovered during the Renaissance
and republished also with sets of figures and graphic schemes resulting from interpretations of the text
and the direct experience of the authors of the reproductions. Among all it is worth mentioning the work
of Guidobaldo del Monte, [30], who refreshed the work of Archimedes in examining the mechanics of
machines by referring to elementary machines with interpretative schemes but also basic for numerical
formulations which were elaborated again by Galileo Galilei in the first cycle of lectures held at the
University of Padua [31], as collected in the first text specifically dedicated to the teaching on design
of machines and mechanisms that were conceived and designed throughout the Renaissance by
engineers and early mechanical mechanics scientists [32]. The example of fig. 2 represents one of these
schemes in the form of a model of elementary machines in which the mechanical structure is represented
in an essential form both for the design and functionality of the mechanism of a screw body.



Fig. 2: Example of a graphic model of an elementary machine of Archimedean modeling from: a)
mechanicorun liber by Guidubaldo del Monte [33]; b) the lecture treatise by Galileo Galilei [34].

Subsequently, this didactic-demonstrative purpose of graphic models of the machines had its frame
in the Theatrum Machinarum in the form of catalogs of machines in which the structures of the
machines are represented with an accompanying text for a description of the functionality and
construction peculiarities. This didactic-illustrative purpose has developed since the first machine
manuals of Francesco di Giorgio, [35], of the early Renaissance up to the elaboration of complex
catalogs in the form of the Theatrum Machinarum and finally also in specific encyclopedia chapters
like in the D’ Alembert and Diderot encyclopedia.

Close to the development of the industrial revolution, these catalogs have specialized in the
representation of graphic models of mechanisms within specific treaties such as the pioneering one
conceived by Gaspard Monge and written by Lanz and Betancourt under the guidance of Hachette
(immediately translated into Italian for educational and professional use) whereas it was revised and
further developed in the first European manual (Italian) by Giuseppe Antonio Borgnis [36], as
represented in the example of fig. 3 in which the modeling of mechanisms is also represented with the
aim of explaining a classification of the structural and functional possibilities of the various types of
mechanisms. These aims for design and teaching activities have given rise to a specific literature and
also to a research aimed at discovering unitary principles in the variety of mechanisms according to the
various types also with the help of small-scale models that have seen full success with the production
of models designed by Franz Reuleaux produced by the Voigt company with planetary circulation.



Fig. 3: Example of graphic modeling of mechanisms in classifications from the work of Borgnis in
Pavia in 1823, [37].

In particular, in Italy this activity has seen a production of specific literature right from the first
courses dedicated to the training of mechanical engineers at the University of Turin which later became
the Polytechnic of Turin with Professor Carlo Giulio with his work that incorporates the didactic study
by Gaspard Monge developed further by Robert Willis and continued throughout the nineteenth century
until reaching the work of Francesco Masi [38] at the University of Bologna, with his encyclopedic
treatise [39] in which the modeling of mechanisms is treated not only at the graphic level but also at the
level analytic-formulistic as represented in fig. 3.
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Fig. 4: Example of graphic-analytical models of mechanisms from the work of Francesco Masi [39] in
Bologna at the end of the 19th century

Obviously, this development of graphic models for analytical formulations for the purpose of
analysis and teaching of the functionality of the mechanisms were also accompanied by products of
various types of physical-mechanical models, both in scale with emulation of Voigt models and models
specifically designed by the Italians teachers of the courses. Fig. 5 shows examples of such physical-
mechanical models that were produced from the end of the 20th century up to the 60s of the 20th century
with evident didactic purposes for courses in the study of kinematics and the design of mechanisms for
even more complex machines. Fig. 5 shows an example of the dissemination of models in the whole
national frames as preserved respectively in the Polytechnic of Turin, in the University of Rome, in the
Polytechnic of Milan, and in the University of Palermo with mechanical construction structures
respectively in metal, wood, and combination of materials to represent as such modeling also for
didactic purposes has been produced with a great variety of solutions.
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Fig. 5: Examples of physical-mechanical models of mechanisms for didactic purposes in the 20th
century at: a) Politecnico di Torino; b) University of Rome; ¢) Politecnico di Milano; d) University of
Palermo [40].

In the 1980s-90s, the advent of computers and related computerized modeling technologies
produced virtual models that are still used today in courses to explain the structures of mechanisms and
their functionality with dedicated algorithms for a virtual simulation of their performance and numerical
representation as a characterization of the principles and solutions proposed and further developments
for even innovative designs. In this process, there are not conceptual advantages, but only practical
convenience.

Subsequently, at the beginning of this century, didactic techniques have been developed for the study
of mechanisms and machines that combine the various types of modeling described above, i.e. graphic,
physical-mechanical, virtual computerized ones, in such a way that the trainee in training for not only
mechanical engineering of machines with mechatronic solutions can appreciate not only the structure
and mechanical functionality typical of man-machine and machine-machine interaction but also the
integration with further systems from other disciplines that are now essential in the structure modern
mechatronics of a machine and a mechanism or by combining various types of drives, control systems
and sensorization necessary for the regulation of the machines according to the applications to which
they are dedicated and designed.

5. Conclusions

Although today the teaching and design techniques are based on computer-assisted modeling and
therefore based on a mathematical and simulation modeling, the realization of physical-mechanical



models (in wood, metal, plexiglass, 3D printing ABS or PLA) is once again considered necessary and
fundamental for a rational training and efficient to develop adequate knowledge and awareness of the
problems of the solutions that an engineer must face for the development and management of
mechanisms and machines with a mechatronic structure for correct and efficient operation in the most
modern current uses.
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