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Abstract

The preservation of scientific and technical heritage within museum settings is inseparable from restoration
technologies. The conservation of polytechnic-type exhibits is in high demand, as evidenced by recent
surveys of museum professionals and administrators who identify the restoration of archival and exhibition
collections as their foremost priority. This article examines case studies in reconstructing damaged
kinematic models from the Franz Reuleaux collection, systematically analyzing diverse approaches to
restoring such polytechnic artifacts. The authors demonstrate how emerging additive technologies
significantly expand traditional conservation capabilities as well as addressing the reproduction of museum
copies, replicas, and tactile models through innovative methods. The restoration of Reuleaux’s museum
objects necessitated intensive interdisciplinary collaboration among specialists spanning technical,
humanistic, educational, and cultural domains. The project’s outcomes include the reintegration of storage-
bound Reuleaux collection items — deemed unfit for display due to significant losses and poor condition —
into the permanent exhibition of Bauman Moscow State Technical University Museum’s while providing
new digital environment for promoting Reuleaux’ engineering heritage among museum visitors and
specialists with varying levels of expertise and professional backgrounds.
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AHHOTANUA

CoxpaHeHne HayYHO-TEXHHUYECKOT0 Hacjeus B My3eHHOM IPOCTPAaHCTBE HEBO3MOXHO 0€3 TEXHOJIOTHI
pectaBpanuu. TemMa BOCCTAaHOBJIEHUS 3KCIIOHATOB IOJUTEXHUYECKOIO THIIA OUEHb AKTyallbHA U OCTPO
BOCTpeOOBaHA COOOIICCTBOM MPO(PUIBHBIX MYy3eeB, TJE [0 HTOraM TEKYIIUX OMPOCOB MY3eHHBIX
pabOTHHUKOB ¥ UX PYKOBOJAUTEJIEH Ha IEPBOM MECTE CTOHT ITOTPEOHOCTH B PECTaBPaLMK IKCIIO3UIIHOHHOTO
U apxuBHBIX (OHZOB. B crarbe mpHBOIATCS NPHMEpPHI MO BOCCTAHOBICHUIO YTPAaT HCTOPUYECKUX
KMHEMaTH4YeCcKuX Mojenei koymekuuu @panna PEno, cucteMHO paccMaTpUBalOTCs pa3nyHble MOAXOAbI
B PECTaBpalfi ITOJOOHBIX ITOJUTEXHUUECKUX MPEAMETOB. ABTOPHI MOKA3bIBAIOT, KaK IOSBICHUE HOBBIX
aJIUTUBHBIX TEXHOJOTHH CYIIECTBEHHO PACHIMPSIET BOZMOKHOCTH TPAJULIOHHON pPECTaBpaluHy, a TAKKe
paccMaTpUBaIOT BOIIPOCHI B YACTH BOCIPOM3BOJCTBA My3€HHBIX KO, PEIIINK, TAKTHIBHBIX MOJEIEH ITPH
MOMOIIIM COBPEMEHHBIX MHHOBAIIMOHHBIX TeXHOJOTWi. PaboTa 1Mo BOCCTAHOBICHHIO yTpaT MYy3€HHBIX
skcrioHatoB @. Pé&mo morpeboBanma BBICOKOTO MEXIUCHUIIIMHAPHOTO B3aMMOJECHCTBHS MEXITy
Pa3IMYHBIMH CIICIMAINCTAMH, KaK TEXHHYECKOH, TaKk M T'yMaHUTapHOW cepbl HayKH, 0Opa3oBaHHS H
KyJbTYpHl. Pe3yibpraToM mpoBeeHHOI paboThl, C OAHOM CTOPOHBI, CTAJIO IMOMOJTHEHHE SKCIIO3ULINN My3es
MI'TY um. baymana yHHMKaJbHBIMU 3KCIOHaTaMu M3 Kojulekuuu Péno, paHee HaxoauBIIUMUCS B
(hOHIOXpaHIITHUILE 110 IPUYUHE CEPHE3HBIX YTPAT U HEYIOBJIECTBOPUTEIHHOTO BHEIIIHETO BHU/IA, A C APYTOH,
C IpUMEHEeHHeM IHU(PPOBBIX TEXHOJIOTHH, UCIIOJIb3yEMBIX B PECTaBPaLMH, TOSBUIACH HOBAsi BO3MOXKHOCTh
HNOMyJsIpU3alMu MHkeHepHoro Hacieauss ®panna Péno cpenu noceruteneid Myses U CHELMAIUCTOB
Pa3IMYHOTO YPOBHS MOJTOTOBKH U ITPO(ECCHOHANIBHBIX HHTEPECOB.

KioueBbie cioBa: Hayunas pecraBpanus; @pann Péno; Komnexkumsa @. Péno;
[Honurexuuueckuii npenmert; Lludposast moaens Mexanusma; AJIMTUBHbBIE TEXHOJIOTUU
B pecTaBpaluu
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INTRODUCTION

The rapid industrial growth in mid-19th century Russia revealed a critical shortage
of technically trained specialists capable of designing, manufacturing, and operating
complex machinery. Higher technical education programs, which provided both
theoretical and applied training for engineers and technicians, universally incorporated a
course on Applied Mechanics into their curricula. This discipline later bifurcated into two
foundational subjects: Theory of Machines and Mechanisms and Machine Design. These
became core courses at polytechnic schools and universities worldwide, though their
effective instruction necessitated didactic aids—specifically, functional mechanism
models (Ceccarelli & Cocconcelli, 2022). Consequently, scientific institutions began
establishing dedicated machine model collections and demonstration cabinets (Fig. 1).

KabueeTs NpEENAJHOX MEXAHHKH.

Figure 1. Collection of kinematic models for teaching the course Applied Mechanics at
IMTS, Moscow, postcard circa early 20th century.
Source: Fund of Bauman Moscow State Technical University’ Museum

At the Technical University in Berlin Franz Reuleaux established a collection of
over 800 kinematic models, which long served as a benchmark for higher technical
schools in Germany and beyond (Golovin & Tarabarin, 2010; van der Wijk & Herder,
2012). Reuleaux was highly respected among applied mechanics scholars, making it no
surprise that his advanced engineering and pedagogical methods gained traction in
Russia. “Reuleaux’s lectures could be called brilliant in their refinement and elegance of
presentation; his kinematics lectures stand out for their originality,” remarked F.E. Orlov
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— professor of practical mechanics at Moscow University and the Imperial Moscow
Technical School (IMTS).

Around 1870, Franz Reuleaux granted Gustav Voigt the rights to manufacture a
part of the instructional models for Applied Mechanics, which Voigt then began
producing on an industrial scale in Berlin. By 1907, his firm offered a catalog of 368
distinct models. Voigt's catalog was divided into two sections: the first featured
Reuleaux's earlier, widely recognized models, many of which are preserved in museums
across Germany, the U.S., and elsewhere.

The second section of the catalogue featured models that were produced in smaller
quantities in the early 20th century, reflecting the firm's financial decline after Reuleaux's
death in 1905, leading to its eventual closure. Today, roughly 20 models from this second
section survive in the museum of Bauman Moscow State Technical University (BMSTU)
— these are likely the last remaining Reuleaux-Voigt models in existence. A comparison
of Voigt's catalog with BMSTU's collection suggests that the models acquired for the
Applied Mechanics department at the Imperial Moscow Technical School (IMTS) were
carefully selected. Unlike Cornell University, which owns nearly all 220 models from the
first section, BMSTU's museum holds only about 50 exhibits of this type and class.

The selective acquisition was determined by several factors: the need to align with
IMTS' existing teaching methodologies and curricula, the availability of similar
mechanism models produced in the institute's own workshops, budgetary constraints,
practical considerations, and the limited relevance of certain Reuleaux models to the
school's specific focus (Tarabarin, 2019).

Today, Reuleaux's kinematic models have undergone a fundamental shift in their
educational role, mirroring the transformation of traditional mechanism design courses in
modern technical education. While these models have largely lost their original didactic
function due to technological advancements, they remain unparalleled examples of visual
teaching aids in technical disciplines. To put it plainly, they are no longer employed for
demonstrating motion transformation in lectures on the Theory of Machines and
Mechanisms (TMM) or for laboratory experiments. Instead, they have become objects of
scholarly research - valuable artifacts representing the history of technology and
engineering education (Tikhomirov et al., 2023), serving as eloquent yet silent witnesses
to larger historical developments.

PROBLEM STATEMENT

Restoring polytechnic-type museum objects is a complex and multifaceted
challenge that requires an interdisciplinary approach, balancing their original utilitarian
function with their current museum value. Unlike cultural artifacts, these items often
involve experimental alloys, plastics, and composite materials, with degradation issues
like corrosion, polymer aging, and electronic component failure. The lack of standardized
restoration methods necessitates adapting techniques from engineering and materials
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science, while the replacement of original parts versus the preservation of authenticity
raises issues for the professional of ethos of restorators. Modern technologies—such as
3D scanning, non-destructive analysis, and digital twins—offer innovative solutions, but
each approach sets new precedents in this evolving field.

Beyond dealing with materials that remain unstudied or poorly understood in
restoration science, and besides addressing various industrial contaminants and damage
from operation in harsh environments, the primary challenge in restoring polytechnical
objects lies in recovering their functional purpose—not merely their form, surface finish,
or visual preservation.

Despite fundamental differences between scientific/technical artifacts and works of
decorative art, their restoration shares common ground in cultural heritage preservation,
particularly given the extensive expertise accumulated in art conservation. As
Shemakhanskaya (2015) aptly notes: “We must focus on restoration principles that
preserve the artifact itself—mnot an idealized version of it.” This philosophy is especially
relevant for polytechnical collections, which often serve as the sole material record of
obsolete technologies, embodying the legacy of engineering culture.

In this context, guided by the ethos of scientific restoration of cultural heritage
objects, the application of modern additive technologies in engineering allows for the
functional restoration of polytechnical exhibits while ensuring complete reversibility of
the restoration process. This article examines methods for restoring the operability of
kinematic mechanism models using additive manufacturing technologies. Over the past
decade, these processes have become widespread and remain among the most convenient
and rapidly developing technologies for producing parts and components in the
restoration of polytechnical objects.

RESEARCH OBJECTIVES

The collection of Franz Reuleaux's kinematic models is more than just a “time
machine” that reveals how science and technology shaped and transformed our world. Its
true value lies in the physical embodiment of the Great Designer's ideas — a perfect fusion
of clarity and harmony, function and aesthetics. While the Bauman Moscow State
Technical University Museum displays educational mechanisms from various
manufacturers and numerous engineering innovators, visitors can effortlessly identify
Reuleaux's models after just a brief observation. Why is this so?

All mechanisms in this collection adhere to a unified compositional, color, and
architectural concept conceived by their creator. Let us outline the key distinguishing
characteristics of Reuleaux's models to inform subsequent scientifically-grounded
restoration methodology:

* All models in the collection feature standardized wooden bases (with rare
exceptions) finished in black lacquer to simulate precious wood varieties,
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distinguished by their minimalist molded edge profiles and consistent dimensions
across kinematic groups.

* The wooden base supports a flat S-mm-thick cast iron pedestal plate that bears the
entire mechanism model, featuring a bevelled upper edge and a planed horizontal
surface machined with fine cross-feed tool marks from a planer's carriage —
without subsequent grinding or polishing — all protected by a blued oxide coating
that gives the cast iron components their characteristic matte black finish.

* Most Reuleaux models feature precision-cast iron brackets vertically mounted on
the base plate - which Reuleaux himself classified as either “English” or “French”
based on their distinct forms and proportions (Fig. 2). These flawlessly cast
brackets, completely free of burrs, cavities or other defects, uniformly display the
same matte black oxide coating characteristic of all iron components in the
collection.

Figure 2. Examples of typical English (left) and French (right) brackets
(Reuleaux, 1862).

* The moving components — kinematic links, gear wheels, and other dynamic parts
—are typically crafted from brass with subsequent nickel electroplating, exhibiting
a distinctive glossy “steel-like” sheen characteristic of polished metal surfaces.

* The adjustment and fastening screws in the mechanisms are made of brass and
have developed a thick, dark patina over time. For ease of use, the side surfaces
of their shaped heads feature knurling (Fig. 3), while the threads follow British
standard inch measurements.

* Instrumental analysis of the joints and clearances in these mechanism models
reveal exceptional assembly precision comparable to mathematical instrument
manufacturing standards (Bazanchuk & Kurakov, 2022; Tikhomirov et al., 2024).
The jewel-like fitting of components demonstrates the remarkably advanced state
of German metalworking technology in the late 19th century (Fig. 3c).

* Beyond these primary materials, Reuleaux's models incorporated several other
specialized components: glass panels for display stands showing mechanism
trajectories, rubber-impregnated leather (red belts for pulleys), sheet metal for
pointers and indicators, and similar functional elements.
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Figure 3. a) The arrow shows changing the shape from a cylinder to a parallelogram on
the Reuleaux's kinematic model; b) Transitional forms in engineering, similar to
architectural ones, according to Reuleaux (1861); ¢) The jewelry-like, very precise fit of
the parts is clearly visible on the engagement fragment of the Shield Gearing model
(Reuleaux calls the gears Schildrdder in German). Photo by the authors.

The authenticity and historical significance of any museum object can only be fully
understood by examining its material history and usage. The Reuleaux collection bears
numerous traces of time that document its century-long service as educational aids — from
wear patterns to repair marks, each telling a story about its pedagogical use and evolving
preservation needs.

Every model in the collection features distinctive oval metal identification tags with
white enamel surfaces and black lettering: A capital Latin letter and a model number
identify the mechanism according to Professor Leonid Reshetov's 1950s classification
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system which is notably different from Franz Reuleaux's original scheme. For
polytechnical objects like these, all such historical markings must be carefully preserved
as they provide critical evidence for understanding the collection's educational history
and technological evolution across different periods.

METHODOLOGY

Traditionally, when undertaking the restoration of lost metal elements in museum
objects — for example, the metal covers or settings for painted icons or cabinet sculptures’
—the available restoration methods are notably limited and predetermined (Ravich, 2024).
Pressure-based metalworking techniques that cause deformation and alter the internal
structure of artifacts are generally unsuitable or impractical. For the same reason, high-
temperature and energy-intensive interventions — like direct controlled metal deposition
— should be avoided. Even soldering and laser spot welding often prove inappropriate,
particularly for archaeological metal objects (Treister & Ravich, 2021).

Traditional artistic restoration principles remain fully applicable to Reuleaux's
technical collection, despite its purely polytechnical nature, since the conservator's
objectives align with the preservation standards for decorative-applied art (DAA). They
demand precision, historical authenticity, and adherence to core museum conservation
principles: reversibility, fragment removal without substrate damage, and restoration
marking. Crucially, conservators must avoid interventions that cause irreversible
alterations to an artifact's form, appearance, or material microstructure.

The challenge of restoring functionality to damaged Reuleaux kinematic models
can be addressed by drawing upon established practices from decorative-applied art
conservation, where significant expertise exists in reviving historical mechanisms for
museum clocks, musical devices (organs, orchestrions, pianos, music boxes), and firearm
actions. Given the collection's historical significance, thorough defect analysis, available
technical literature (Reuleaux, 1861, 1862, 1876), digital archives (The Kinematics
Models... , 2003-2005), and equipment catalogs (Voigt, 1907), Reuleaux's models can —
and should — be restored using traditional art conservation methods while strictly
preserving their operational heritage and original manufacturing technology.

Recent advancements in metallurgy, additive technologies (Melnikova et al., 2023;
Supchinsky et al., 2023), metal deposition, and electroplating have created new
possibilities for the scientific restoration of museum-grade metal artworks. At the same
time, growing global interest in mechanical collections as part of our industrial heritage
has reshaped preservation approaches. Initially focused on historically significant early
mechanisms as key artifacts for studying technological evolution, this movement has been
amplified by digital platforms. Websites and virtual museums now enable not only
lectures on mechanism theory but also courses in engineering history and technical

! A sculpture of chamber size or small shapes, about 60-80 cm high.
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language studies, complete with analytical modeling capabilities (Bogoslovskii et al.,
2024). These digital media formats offer researchers innovative perspectives on
Reuleaux's engineering legacy, including novel restoration methodologies (Kotelnikov et
al., 2023), merging cutting-edge materials science with expanded educational access to
technical heritage.

Current analysis of additive technology applications in museum settings — including
educational models, art objects, replicas, and duplicates — reveals three promising
directions for the implementation of these processes in the scientific restoration of
polytechnical artifacts:

* Level 1 — “Basic” Application involves the replacement of plastic parts with
polymer equivalents and/or substitutions of lost metal, wooden, or other components with
dimensionally identical 3D-printed replicas.

* Level 2 — The reproduction of precise or scalable replicas of historic scientific and
technical artifacts (Lipson et al., 2005). This approach proves valuable when traditional
restoration is impossible or requires postponement due to funding constraints. The
pioneering implementation using additive technologies belongs to Cornell University
Professor Francis Moon, who in the early 2000s created a digital library of over 400
kinematic models (KMODDL) and employed 3D printing to produce replicas of
Reuleaux's original mechanisms (Fig. 4).

a b

Figure 4. A ratchet mechanism with three spring-loaded stoppers (a) Original Reuleaux
model, (b) Rapid prototype model (Lipson et al., 2005).

* Level 3 — The application of additive technologies as supportive and auxiliary
tools in restoration or renovation processes (reconstruction, repair, or modernization) of
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lost components in polytechnical objects made of metal, glass, wood, and other materials
(Kotelnikov et al., 2024).

RESEARCH RESULTS

An exemplary traditional restoration of a polytechnical object involves
reconstructing the motion trajectory of satellite points in Watt's planetary gear mechanism
model (Fig. 5). Since the painted layer on the glass display had degraded over time, the
preserved engraved grooves enabled the reversible restoration of missing elliptical motion
traces.

|
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=

Figure 5. The planet toothing mechanism of Watt with a trajectories of satellite's points
before (a) and after (b) restoration. A Fragment of the glass display before (c) and after
(d) reversible restoration of the trajectory of the dots. Photos by the authors.
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The Reuleaux collection at BMSTU's museum shows no significant losses and
remains in good condition, as demonstrated through the functional restoration of the
“Planetary Mechanism with Bevel and Spur Gears” (based on Ferdinand Redtenbacher's
designs, crafted by Moscow Trade School artisans in 1862-1867, Fig. 6). Using non-
contact 3D scanning, we precisely measured the gear train's geometry to reproduce a
missing cogwheel through additive manufacturing. the director of the State Research
Institute for Restoration (GOSNIR) Dmitry Antonov highlighted the innovative
transparent replacement component (Fig. 6b). While restoring mechanical function, its
visibility allows museum visitors to distinguish original from reconstructed elements,
adhering to the practice of signaling reversible restoration (Kurakov et al., 2025).

Figure 6. Fragment of the mechanism engagement restored using: a) fused deposition
modeling (FDM) and b) photopolymerization with an LCD screen additive
technologies. Photo by the authors.

CONCLUSIONS AND DISCUSSION

The restoration of scientific and technical artifacts must adhere to the same ethical
principles and conservation standards that apply to other cultural heritage objects. This
requires combining traditional art restoration methods with engineering research,
enabling comprehensive interdisciplinary study by specialists from both technical and
humanities fields. Such an integrated approach ensures the preservation of both physical
integrity and historical significance of polytechnical exhibits. Accordingly, the kinematic
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models from the Franz Reuleaux collection can and should be restored using
methodologies developed for decorative-applied arts.

Our research demonstrates that these approaches, when adapted for technical
artifacts, successfully preserve the functional and historical value of the mechanisms
while maintaining strict conservation ethics. The parallel between art restoration and
engineering conservation becomes particularly evident in working with these
sophisticated mechanical objects.

Modern additive manufacturing has proven exceptionally valuable for restoration
in technical museum collections, meeting rigorous conservation standards in quality
compliance (Sinitsa, Korzhenkov et al., 2022), dimensional precision, surface finish
requirements (Pronyakin et al., 2021), process reproducibility (Sinitsa, Tumakova et al.,
2022). While these techniques represent relatively new applications in heritage
conservation, their effectiveness in reconstruction, renovation, and repair of polytechnical
objects has been clearly established, offering new possibilities for technical museums.

We must acknowledge the financial challenges Francis Moon faced when he
created his digital library of mechanical models: “Reproducing these models on the
modern market would be prohibitively expensive.? Developing more affordable
reproduction methods using thermoplastics offers an excellent alternative, though rapid
prototyping technologies [i.e., additive manufacturing] inherently require compromises —
we prioritized printing fully functional, pre-assembled units at the expense of dimensional
authenticity” (Moon 2003). This valuable experience from our American colleagues
should be adapted and advanced considering current technological progress in additive
processes.

Contemporary philosopher of technology Vadim Rozin (2023) observes: “The
essence of engineering methodology lies in developing technical designs that harness
natural laws — through physical experiments, process calculations, and structural solutions
— to activate and control phenomena for human purposes...” (p. 56). Refining additive
technologies for polytechnical restoration and establishing balanced methodologies could
revolutionize conservation approaches for complex cultural artifacts, particularly for what
art historians term the “Russian avant-garde.” Many conservators have noted striking
material, formal, and degradation parallels between abstract sculptures and technical
exhibits, suggesting that engineering principles, scientific analysis, and precision
measurement will become increasingly vital in art restoration practices.

2 Cornell University's collection of approximately 250 Reuleaux models cost $8,000 in 1882 USD,
equivalent to roughly $300,000 or 24 million rubles today
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Figure 7. 3D printed replicas of Reuleaux models as props.-foir the children's fairy tale
“The Additive Kingdom.” Photo by the authors

Finally, current trends toward humanizing engineering education and practice will
undoubtedly benefit from promoting Franz Reuleaux's systematic engineering legacy, as
evidenced by the genuine fascination children exhibit toward replica museum mechanism
models regularly displayed at our specialized “PROrestoration” exhibition (Fig. 7).
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