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Abstract

:

Using modern methodologies in the sectors and subareas of industrial design, where they currently find only marginal application, brings a potential for interrelating technology, the arts, and fine arts. To illustrate this, we present model procedures and options for designing a versatile storage cube that integrates magnetic structural components facilitating easy and quick assembly. In addition to being an item of real furniture, portable and readily convertible into a table or soft stool, the cube supports children’s creative games and helps to develop their overall skills in the present-day household and in pre-primary and primary education. The basic material rests in birch plywood, and the joint edges between the individual walls are covered with smooth plastic guards manufactured via additive 3D printing from corn fodder-based filament. Thus, an interesting structural detail, namely, plastic edges, is generated, reinforcing the entire product. The walls comprise decorative, multicolor, polyurethane foam-based elements that can be removed and reinserted. Regarding the manufacturing technology, CNC machining and laser shaping are widely employed on the main parts, and the plastic edges are 3D-printed. In terms of the original idea, the product responds to customer requirements within a specific design project. The robustness and stability tests have proved that the cubes fully satisfy the relevant standards.
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1. Introduction


In the development of a product, the actual design plays a crucial role. Manufacturers, renowned ones in particular, usually collaborate with designers, developers, and structural engineers to deliver functional products that satisfy mechanical safety and strength requirements. Product and service making, however, also involves non-human factors, which markedly affect the design process from the outset. Such factors, by definition, are natural and/or artificial, comprising physical objects, materials, digital technologies, and algorithms. Importantly, artificial intelligence tools are widely relied upon, especially as they have revolutionized the entire design domain [1,2]. Content-wise, product designing incorporates and combines multiple aspects of a novel item to be marketed. This item is, above all, expected to fulfill the purposes for which it has been developed and manufactured, reflecting the needs of the target user; in this context, the product has to be conceived with respect to the relevant ergonomics, complying with the user’s anthropometric data. Further, the set of major product properties prominently includes a visually attractive layout and technical feasibility [3].



Design is frequently employed as a marketing instrument, in addition to its basic roles, which generally subsume innovation, aesthetics, visuals, ergonomics, psychological action, and social integrability; the principal task of the designer then rests in interpreting the client’s visions. Within technology, constant innovation is an imperative, and effective designing strategies embody an indispensable precondition for competitive market performance and viable manufacturing economy. The mechanisms are analyzed and theoretically refined through expert design management, a domain broadly represented in economics study programs that teach production control, corporate finance processing, and project procedures in industrial manufacturing [4,5,6,7]. Regarding the practical outputs, these are then embedded in design development and implementation as fundamental branches centered on innovative approaches.



A popular scheme is custom manufacturing, where the client may exert substantial influence on the concept and fabrication of the product by proposing preliminary drafts to set the final shape and appearance. Such a method was employed also in the storage cube designing activities described herein, one of the customer-specified requirements being the use of nontraditional technology, namely, 3D printing with corn starch-based filament to reduce the product’s ecological impact. The techniques that enabled us to implement the project are discussed in greater detail below, within Section 2. Presently, the manufacture and ecology of a product, when considered jointly, embody a widely discussed subdomain that, to a large extent, determines the success rate of an item to be marketed. Ecological, high sustainability materials have become an essential prerequisite for the economic and social acceptance of industrially manufactured items, and the environmental impacts generated by industrial processes are a focus of multiple debates on the possibilities of circular economy. In the Czech Republic, for example, the ecolabel environmentally friendly product [8] has been approved by the Ministry of the Environment to denote products or services posing low risk to the environment and human health throughout their lifecycles [9]; in the Czech market, the national and EU ecolabels are usually granted upon recommendation by the state-owned Cenia agency [10].



The marketing functions and qualities of design, together with its perception by the general public, currently form a major topic in the field [11,12,13,14]; interestingly, in some cases the marketing is more impressive than the actual design [15], Figure 1.



A poor design often fails to resolve the given problem due to an inadequate formulation, while a nonfunctional one offers a fully applicable approach where the actual concept complicates the implementation and, typically, causes other minor issues. A well-conceived and processed design operates smoothly with the proposed solution, delivering not only a reliable instrument to solve the task advantageously but also real and practical implementability [15].



Another role of design lies within psychology, namely, understanding the current needs of the user. In Norman’s view, design embodies an act of communication, and the creative activity is usually meant and performed to completely understand the person intended to be the target recipient of the product [16].



In terms of the diverse facets and attributes associated with design, the visual characteristics and practical properties are exposed at the user interface and user experience levels, respectively; the latter of these criteria involves formulating various approaches in such a manner that they provide the best achievable user service and comfort [17]. According to Reiss [18], user experience is the impression acquired through a person’s interactions with devices and other humans, including the handling of events that relate to these two entities.



Bar and Neta [19] propose that a product makes itself attractive to the prospective user through not only its aesthetic and color qualities but also the contours. The balance between the subjective perception and the aesthetics is then obtained via combining sharp outlines with round ones. The project procedures and results set out in this article interconnect applied research, experimental development using an additive technology (3D printing), and nonconventional machining methods, to deliver outputs readily applicable in industrial manufacturing. Additive technologies have been available for several decades, finding use in mechanical engineering, the automotive and aeronautical industries, healthcare sectors, education, the production of consumer goods (such as electrical appliances for the home), and multiple other domains [20,21,22,23,24,25,26].



In recent years, additive manufacturing has experienced major progress, with a broad set of newly introduced techniques and materials, inclusive of innovative polymers and photopolymers (fluid resins) [27]. A procedural option utilizing such materials is 3D printing, where the substances are usually connected layer by layer, in agreement with the data of the relevant 3D model [28].



Photosensitive resins can be hardened through laser or sunlight, and their fluid form is employed in, for instance, the healthcare industry to manufacture dentures and other prostheses. In the given context, it is possible to refer to corn-based filament, which has become popular thanks to its non-toxic composition. The most widely applied and cost-effective substance rests in polylactic acid (PLA), derived from plant matter. A frequently encountered variant, the PLA-CC, exhibits improved hardness, toughness, compressive strength, wear resistance, and other favorable parametric changes, as is documented by Fouly et al. [29] on a hip joint implant.



The overall technological and scientific advancement in various domains and subsectors has intensified the interest in nonconvenional machining options (laser/CNC plotter). These approaches facilitate cutting, slicing, or engraving in different materials (cardboard, paper, wood, plywood, textiles, composites, and metals) by means of a laser beam. The actual operations are commonly preceded by traditional machining; in wood, for instance, the refining steps comprise sawing, milling, turning, carving, and grinding. Laser cutting and CNC machining embody comparatively modern procedures, and, together with the traditional routines, they are subsumed under subtractive manufacturing [30,31].



Utilizing such preconditions, the project herein was formulated to deliver technical drawings and a functional procedure that allowed building a specially designed element to customer requirements; this item, namely, an attractive, safe-to-use play cube, was materialized with current manufacturing recipes and options (including additive technologies, such as 3D printing) as well as non-conventional machining. The customer-related details are specified below, in Section 2. To reach the preset goals and to comply with the legal regulations concerning the safety of the technological and structural solutions, we respected, above all, the Czech Republic’s Act no. 102/2001 Coll., on General Product Safety [32], and standard ČSN 91 0100 Furniture—Safety requirements [33]; the product testing at an accredited laboratory was then performed accordingly and subjected to a relevant analysis.



The applied research exposed in this article focuses on the properties and use of a new birch plywood-based minor furniture component. To promote recycling and circular economy, the following materials and parts were preferred: joinery plywood, corn-based filament, polyurethane foams, and neodymium magnets. The resulting cube is multifunctional; suitable for the present-day home, school, and kindergarten; has been tested for robustness and stability; and exhibits a potential to influence the designing schemes in its sector. A similar scenario is outlined in a previously published paper by Svoboda et al. [34], which discusses the mechanical capabilities of design products in relation to the matter employed (plastic, wood, metal, and ceramics). The researchers examined 3D-printed samples from polycarbonate/acrylonitrile butadiene styrene (PC-ABS; PC) and alder wood, focusing on their impact toughness. In 3D printing, an essential factor rests in the typology optimization, assuming partial cutouts through a side panel of the component; the aim of such a modification is to reduce the weight of the product while improving its economy and maintaining the physical performance. Regarding the impact toughness, Svoboda et al. [34] propose that 3D-printed structural joints show values similar to those of solid wood (alder), expanding on the conclusions set out by Tauber et al. within their rod connector designing experiment [35]. Interestingly, 3D printing also finds application in anthropometry [36]. Based on the outcomes presented in the referenced studies, we then opted for the 3D-printed corner joint.




2. Materials and Methods


Within the presented concept, we employed novel technologies to produce a multi-functional play cube to custom specifications, as already mentioned above. The actual project, including the technical solution, drawings, and fabrication, had been ordered by the South Moravian Regional Council (Moravia, the Czech Republic), the basic material and structural requirements being as follows: an item fully usable by pre-school children, 3 to 7 years of age; play factors combined with a presentation of the region; colors to specification; a share of recycled plastics (polythene; polypropene; polyamide) and rubber; a sleek plastic corner joint to reinforce the panel edges; state-of-the-art technologies integrated in the manufacturing process; a firm structure and simple assembly steps, even for children; and surface finish. To fulfill the modern technologies stipulation, we employed 3D printing with starch-based, biodegradable polylactic acid.



The fundamental requirements comprised applying such a color scheme that could allow the customer to propose further steps in agreement with the Council-formulated visual style manual. Regarding the selected base colors, these subsumed blue and red, following the graphical layout of the South Moravian Region’s logo. The structure and surfaces exploited commonly available materials, inclusive of the hardware and fittings, and the overall aim involved eliminating hazardous waste at the manufacturing, use, and disposal stages.



Considering the target application and the fact that the component is to be used by children, testing embodied a key fabrication phase. We selected three fundamental tests, the assumption being that the cubes would not be regularly sat on. The procedures were as follows:




	
stability testing according to the Czech Republic standard ČSN EN 1022:2020 Furniture—Seating—Determination of stability [37], Art. 7.3.1 Forwards overturning;



	
static load on the seating surface to the standard ČSN EN 16139:2013 Furniture—Strength, durability and safety—Requirements for non-domestic seating [38], Art. 6, Table 1;



	
impact on the seating surface to the standard ČSN EN 16139:2013 Furniture—Strength, durability and safety—Requirements for non-domestic seating [38], Art. 6, Table 1.








In all of the cases, we relied on the services of the accredited Testing Laboratory for Furniture, a division of the Testing Laboratory for Joinery Products and Furniture.



When selecting convenient technologies to achieve the goals, we opted for 3D printing (an additive technology), CO2 laser, and CNC machining. The last-named approach embodies one of the most widespread procedures, with the manufacturing tool movements being controlled by a pre-compiled program. In wood and plywood, single and combined CNC units or centers find broad application; the centers, by definition, are machines expanded to perform multiple tasks simultaneously, meaning that they constitute multi-purpose tools to execute complex operations at a time on the same location. The advanced five-axis machining then facilitates fabricating even the most demanding forms and shapes.



Considering the furniture presented in this article, suitable resources comprise solid wood or plywood. In these materials, however, CO2 laser cutting results in surface soot deposits and dark edges; such spots subsequently require refining (grinding). To process the main plywood panels, we therefore employed a CNC miller, obtaining smooth edges. The PUR foam elements, namely, the M-shaped letters, nevertheless did not show any burns or dark stains. Overall, the CO2 laser method offers major advantages, including but not limited to clean machining, low noise, high precision, fine detailing, effective engraving, and fast operation (at speeds of around 500 mm/s).



Further, we utilized fused deposition modeling-based 3D printing, the device being an Original Prusa i3 MK3S printer (manufactured by the company Prusa Research a.s., the Czech Republic, Prague, Czech Republic).



The individual concepts proposed by the customer were analyzed and extensively consulted.



The source materials, i.e., furniture grade birch plywood (multiplex), polyurethane foam boards, corn starch-based PLA filament, and neodymium magnets, were then selected upon the analysis of the submitted customer requirements.



2.1. Furniture Grade Plywood


The individual wood-based materials are defined in diverse knowledge databases and on web portals, such as the Czech website titled The Furniture Maker’s Information System (Nábytkářský informační systém, [39]).



This class of materials includes plywood, and the main subclasses are defined as:




	
multi-ply materials;



	
agglomerated materials;



	
agglomerated matter containing non-wood substances;



	
modified wood;



	
special wood-based matter.








The classification and terminology of plywood (Multiplex) follow the standard ČSN EN 313-2 (490013) Plywood boards [40]. Multi-ply plywood sheets are characterized as large-sized, wood-based components that comprise several layers of peeled veneer pieced together with an urea-formaldehyde glue. Thanks to their favorable properties (high strength, toughness, and elasticity; low volume weight; and size stability), the sheets have found wide and intensive application in joinery, furniture making, packaging, toy manufacturing, and the designing of musical instruments [41].



In the furniture industry, the most frequently used type of plywood is the joinery variant, whose parametric features are high strength, toughness, elasticity, and size stability, resembling those of the above-mentioned general category. The plywood (Figure 2) was employed in the manufacture of the play cube within our research.



If the material is to be placed in a humid environment, especially in an outdoor location, the most convenient approach lies in opting for the waterproof version (Figure 3). Such plywood exhibits good strength, low volume weight, and sufficient size stability.




2.2. Polyurethane Foam Boards


The plywood boards are traditionally employed in civil engineering, the packaging industry, toy production, mattress designing, and the manufacturing of orthopedic aids.



A large number of manufacturers, such as the Czech Republic-based company Gumex, also use microporous boards (EVA-PE foam); these contain enclosed microtubes, have an ultra-fine cell structure, and offer superior elasticity [42].



A similar target applicability is characteristic of VYLEN® (Žďár nad Sázavou, Czech Republic) a semi-solid cellular plastic with very good physico-chemical and thermal insulation properties and a long lifecycle, one of tens of years; unlike competing options, VYLEN® is meshed, features a low absorption rate, and delivers high chemical resistance (reliable with oils, water-based liquids, salty solutions, and non-oxidative acids). Another major benefit lies in the absence of adverse health impacts, as proved through a relevant sensor test. The material differs from comparable concepts in that it is finely structured, easily washable, and markedly strong (Figure 4). Further assets include high elasticity, uneven surface damping, formability upon heating, and the ability to be refined via grinding, cutting, and sawing [43].



Being non-toxic, as proved by relevant testing and certification, VYLEN® is employed in foam flooring, carpets, and children’s puzzle sets [43]. The board surfaces bear a manufacturing mold imprint and are delivered in 25 colors (see the samples in Figure 5); other details can be obtained from the eponymous Czech manufacturer. The material is discussed herein because it suitably represents the new developments in the sector and could be utilized as a viable alternative in manufacturing the cube panel insertables; neither VYLEN® nor its samples, with the sole exception of the blue and red colors, were nevertheless employed in the product.




2.3. Corn Starch-Based PLA Filament


Filaments are polymeric fibers for FDM 3D printing, usually with a thickness of either 1.75 mm or 2.85 mm. At present, a wide range of filaments are available on the market, featuring multiple types and colors.



PLA (polylactic acid) filaments embody a basic option that, thanks to its major popularity, has prevailed over the alternatives; the source materials being corn or potato starch and/or sugar cane the item can be classified as a biopolymer. The PLA is frequently combined with other substances, including wood, plaster, PET-G, and—in some cases—carbon; the last-named approach produces tough, rugged models [45].



Combining the PLA with fresh wood, however, is not the only method to exploit the material. Tao et al. [31], for instance, propose that leftovers from subtractive manufacturing (laser cutting and CNC machining) might provide inputs for 3D printing: “… leftover veneers could be used to produce wood powder for wood/polylactic acid filaments”. Thus, the set of input sources would expand significantly, meaning a principal step towards supporting secular economics.



Further, it is worth noting that many printed products exhibit poor stability in the target environment. This problem is discussed by, among others, Popescu et al. [46], whose related study was conceived to determine whether the actual choice of a material (PLA or ABS), printing device, or slicing software influences the dimensional accuracy of 3D-printed openings.




2.4. Neodymium Magnets


The superior attractive force makes the magnets suitable in any furniture-making application where the parts have to be held together reliably and safely. The magnetic items can be glued or screwed into the component. In terms of the shape, the segments are available as cubes, cylinders, rods, and round or flat tablets. To provide an example of the embedding, let us refer to the cylinders, which are easily inserted in a pre-milled or drilled circular opening that has a specific depth, as needed. Regarding the magnet diameters, these range from 2 mm to 50 mm. Being embedded in the wood, the magnets are shielded to a certain extent and remain visible only partially, observing the aesthetics of the product. In this context, and by general definition, it is worth noting that the high-performance neodymium magnets have been used for a multitude of purposes to date in diverse branches of industry, including but not limited to electrical and electronics engineering, the healthcare sector, toy manufacturing, and jewelry designing [47].



Neodymium magnets are the strongest embodiment of the material, their performance being up to tenfold that of regular ferrites. Some neodymium parts are capable of holding a load exceeding their own weight even a thousand times or more. Overall, the quantity to be considered in magnets is the tearing force, defining the action required to separate the magnet from a surface. When joining the children’s furniture elements in our project, we apply magnets having a tearing force of 2 kg (approx. 18.63 N) or less and weighing 3.5 g; the related dimensions correspond to D20 × 1.5 mm in weight. With four magnets, the tearing force will reach slightly below 8 kg (74.52 N). In order for a magnet to be firmly seated in place, gluing or screwing are available, albeit a metal counterpart has to be used concurrently.




2.5. Multi-Functional Play Cube


2.5.1. Material, Components, Machining, and Mounting


The product subsumes the actual cube and the accessories, namely, a table panel, a removable cushion, and insertable foam elements (Figure 6a). The entire setup may comprise several variable, foldable cubes, whose schemes are rendered in Figure 6b. Interestingly, the group may serve for exhibition purposes too and is occasionally employed in this manner by the customer.



In Table 1, the product dimensions are specified in relation to both the whole unit and the individual components.



The multi-functional play cube is intended for pre-school children at 3 to 7 years of age; however, the use by school age children (6 to 12 years) is also possible. In older persons, not all of the product’s functions may be convenient, as the children already exhibit well-developed motor skills; thus, the interest in inserting the foam letters will probably have declined by that stage of a child’s life. The weight of the baseline version is 6.3 kg.



	
Joinery birch plywood (multiplex): thickness of 15 mm; the high precision profiling was performed via CNC machining. The plywood contains 11 layers and complies with the E1 emission class. All of the surfaces and edges have been sealed with a lacquer.



	
PUR foam: rendered in blue and red; the high precision profiling was carried out with a laser beam.



	
Neodymium magnets: 20 mm in diameter and 1.5 mm in thickness; one cube contains four magnets.



	
Corner joint: dimensions of 50 × 50 mm, including the bend; the joint is 3D-printed from corn starch-based PLA.



	
Glider: 3D-printed and screwed to the bottom of the cube.







2.5.2. Structure and Joints


In terms of component connectability, the set of key structural segments comprises, above all, the corner joint; the area is mitred, with 30 mm wood slats. The surface has been milled to incorporate a 3D-printed plastic corner joint item; this design element is glued into place with a binder suitable for PUR. Importantly, in addition to reinforcing the edge section, the item embodies a distinctive visual feature. The perforated side walls carry push-in M letters made of PUR foam boards through laser cutting; this processing technology seals the edges of the material, leaving them tough and strong. The profiles in the joinery plywood have been CNC-milled. Regarding the product testing, the unit and its parts have complied with the Czech Republic technical standards ČSN EN 1022 (910234) and ČSN EN 16139 (910650) A [37,38].



In the cushion, the PUR foam is wrapped in glued-on nonwoven fabric and inserted into a zipped cloth cover; sewn into the cover are neodymium magnets to fix the cushion onto the top of the cube. All outside edges have been rounded to deliver Rmin. = 2.5 mm, and the firm structural joints are glued together over dowel pins to ensure good stability. The surface is treated with a water-dilutable, semi-matt lacquer. To characterize the neodymium magnets, we can emphasize their tearing force of 8 kg and the fact that the magnets are high-sheened, similarly to the sheet metal counterparts in the related surfaces. In the testing, the tearing force proved sufficient.



The product provides a value added in that neodymium magnets are incorporated into the upper panel of the cube. The magnets are small and have great contact force, allowing the user to safely attach to the cube a table panel or a seat cushion (Figure 6); thus, the cube is converted into a practical desk or a comfortable stool.




2.5.3. Drawings and Related Documentation


To facilitate manufacturing the sample product via CNC machining and laser cutting, we completed a set of drawings and technical documents; the individual profiles and details are shown in Figure 7 and Figure 8.




2.5.4. Manufacturing Technologies and Approaches


The cube is based on a simple, pure design. The fundamental material is birch plywood (PDP-BR), the boards having 15 mm in thickness. In terms of the technological procedures, we applied CNC and laser machining. Further, we employed neodymium magnets sized 20 mm to mill them into the board surfaces in such a manner that they protrude 1 mm above. The structure comprises 3D-printed protective corner joint components, which also reinforce the actual joints and are embedded in seats countersunk in the boards’ corner edges and adjacent surface segments (Figure 9). Simultaneously, in addition to their reinforcing function, these plastic components play an aesthetic role, making the cube’s appearance more attractive and being modifiable to the customer’s wishes concerning the shape and color.



The versatile design enables the multi-functional cube to be easily converted into a plain or cushioned stool, a small desk, or a play base with large M-shaped color letters made of PUR foam that are insertable into corresponding openings in the side boards to help children develop their motor and combinatorial skills (Figure 10a,b).






3. Results


3.1. Verifying the Functionality: Product Testing at an Accredited Furniture Testing Laboratory


The cube with perforated side walls was subjected to testing, due to the product’s structure and bottom gliders being different from those of the original baseline model. Compared to this initial version, the tested cube does not include a center part but its inner space is enclosed with walls on all sides; the side boards feature M-shaped openings (as shown on the lower item in Figure 11a); no bottom board is used (Figure 11b, variant A); and the structural joints are identical with those in the prototype, including the plastic corner edge elements. Further, in the tested item the gliders are not held in place by means of magnets (Figure 11b, variant B) but rather screwed into the edges (Figure 11b, variant A).



Based on the intended modes of use, we performed three basic testing cycles (as specified in Section 2 and Section 3.1.1, Section 3.1.2 and Section 3.1.3), assuming that the cubes would not be permanently employed to function as seating furniture. The tested product was equipped with a cushion and metal gliders sized D20 × 7 mm; the gliders were fixed to the bottom with magnets.



Alternatively, the cube was subjected to testing together with the baseline version, the assumption being that the products would also be utilized as stools. All of the test cycles were executed at a dedicated laboratory for joinery products and furniture, accredited according to the Czech Republic standard ČSN EN ISO/IEC 17025:2018 [48]; the facility is operated by the Faculty of Forestry and Wood Technology, Mendel University in Brno.



3.1.1. Stability Testing


At the first stage, we carried out stability tests in agreement with the Czech standard ČSN EN 1022:2020 (Furniture—Seating—Determination of stability) [37], art. 7.3.1 (Forwards overturning); the standard covers seating furniture for all locations and types of application. In the procedures, the load on the seating surface at the distance of 60 mm from the edge of the supporting structural board amounted to 600 N, and the applied overturning force was 20 N, both applied as per the standard (Figure 12).



Outcomes: The product was not overturned by the relevant force, thus satisfying the stability requirements stipulated by the standard ČSN EN 1022:2020 [37].



By extension, we also tested the strength and durability of the structure, observing the Czech Republic standard ČSN EN 16139:2013 (Furniture—Strength, durability and safety—Requirements for non-domestic seating) [38]. With respect to the modes of use presumed in the product, the selected procedures comprised applying a static load and an impact on the seating surface; both of the test schemes conformed to the provisions of the standard ČSN EN 1728:2020 (Furniture—Seating—Test methods for the determination of strength and durability) [49].




3.1.2. Static Load Testing


Respecting the predefined procedural measures (as set out in the standard ČSN EN 16139:2013, art. 6) [38], we applied on the seating surface, in its relevant axis, the vertical load of 1300 N at the distance of 100 mm from the edge of the supporting structural board; the force acted on the surface through a circular wood pad, invariably for 10 s, and the action was repeated 10 times (Figure 13a,b).




3.1.3. Impact Testing


Conforming to the provisions set forth in the standards ČSN EN 16139:2013 [38] and ČSN EN 1728 [49], we simulated a fall from the height of 240 mm, repeating the process ten times. A shock generating tool was employed to perform the action, delivering the impact weight of 25 kg (Figure 14a,b).



Outcomes: The cube did not exhibit any damage after either the static or the impact test, thus satisfying the requirements defined within the standards. In terms of the strength, durability, and stability, the structure can therefore be characterized as fully satisfactory.






4. Discussion


The testing procedures showed that when gliders are mounted, the cube tends to partially yield to the applied force in that it leans on the bottom edge of a structural board (Figure 15a); nevertheless, total overturning does not occur, as already indicated above.



In this context, it is then somewhat problematic to determine clearly whether the product conforms to the standards. If tested without the gliders, however, the cube exhibits superior stability, satisfying all the requirements (Figure 15b).



Similarly to the images in Figure 13a,b, the graphics in Figure 16a,b below represent the load and impact tests; in the latter figure, however, the testing is performed on a cushioned cube.



The obtained results confirmed the structural strength of the cube and also led to a modification of the glider mounting in response to the ambiguous overturning performance; presently, the gliders are embedded in countersunk seats and protrude beyond the surface line by 2 mm at the maximum. Another alteration lay in the gliders being fixed to their seats with screws in place of the magnets used in the initial versions (Figure 10a,b).



In furniture, a significant parameter rests in the carrying capacity. To verify this property, we first set up a standardized stability test to load the seating surfaces with a weight of 600 N at a distance of 60 mm from the edge of a main structural panel; such a configuration represents a force of 61 kg.



The measurement process and its outcomes confirmed that the product satisfies the requirements on children’s furniture in terms of the structure, ruggedness, and stability. The firm fasteners are completed with plastic, 3D-printed edge joints to provide a load capacity of between 150 and 200 kg; thus, the capacity limits for the targeted age group do not need to be estimated. Regarding the physical and safety attributes, the product is well-conceived, combining a glued structure with reinforcing plastic corner elements; in many cases, these edge parts exhibit superior strength values, as also emphasized by Svoboda et al. [34], who examined the parameters that exert an impact on furniture safety. By a more detailed definition, the researchers focused on the impact toughness testing of samples integrating 3D-printed plastics (PC-ABS; PC) with alder tree wood; the printed elements included structural joints in particular [34,35].



From the utility perspective, the cube was assessed in terms of whether its use by pre-school children can be regarded as safe. The set of monitored sectors involved, among others, the openings milled in the panels to accommodate the PUR-based letters; in this context, we reviewed the size of the gaps to avoid children’s fingers getting wedged and, subsequently, hurt or broken.



Furniture safety is generally provided for in the Czech Republic’s Act no. 102/2001 Coll., on General Product Safety [32], and standard ČSN 91 0100 Furniture—Safety requirements [33]. A product designated as safe must comply with specific national and international legal regulations; where no such regulations are in force, the attribute of safe shall denote any product that satisfies the Czech technical standards and/or expresses the state of the art at the time of being introduced to the market [50].



Overall, regarding the concept, functional capabilities, and safety, the furniture set designed within our project may be compared to items such as the multi-purpose Montessori cUbe series [51] and the Whitney Brothers Play House Cube [52]. The Montessori cUbe, however, appears to best resemble the solutions adopted by us: the traditional Montessori’s versatility is similar to ours, albeit more sophisticated, and both schemes share a portion of the basic material (birch plywood), with the comprehensive test performance outcomes being very close [53,54]. The visions and purposes formulated within the previous research and requirements on children’s furniture design [55,56] reflect in the project discussed herein, even though our team worked, in fact, independently from these: the ideas centered on supporting the play factor to facilitate effective learning and development in children are broadly (and indirectly) shared by diverse designers, manufacturers, and retailers who employ or sell, for instance, the Montessori method. Further, depending on the interpretation, the color scheme in our cube might suitably complement Montessori’s patterns, which may seem rather dry in some of the series. Arguably, the perspectives outlined within this article lie in a relatively warm and friendly rendering of the product, whose marketing potential is thus markedly enhanced. In this manner, the cube might then be perceived by other designers in the field as inspiring. By contrast, we assume that some of the mechanical properties of our cube, such as the edge stability, could be improved to match the performance of mass-produced furniture.



With respect to the examined physical quantities and product capabilities, and considering the relevant standards, we compared our procedural testing approaches discussed herein with those applied by other researchers. In seating furniture, interesting static and dynamic options, including progressive loading, are set out in the very recent study by Diler et al. [57]. These authors tested a large set of items under varying conditions and loads to establish that the strength and capacity of a product markedly depend on the loading direction. In contrast to our concept, Diler et al.’s methods are markedly broader, more detailed, and involve factors such as inherent material properties; the techniques have been formulated specifically to evaluate chairs, whose basic function nevertheless largely corresponds to that of the play cube [57]. Further, a comprehensive, optimization-oriented testing strategy had been proposed by Güray et al. [58]; in this case, a high number of wood matter and impact force types were employed, forming a model for the future studies. In the Czech-based laboratories within this article, by comparison, the scope of corresponding tasks was relatively modest, as our project had been conceived significantly less generously, due to the limited amount of materials. The associated development, refining, and (to a limited extent) basic tests of children’s or purpose-specific furniture are all exposed in the research by Zhang et al. and Jai-ai et al. [59,60], with the former outlining the role of artificial intelligence at the diverse stages of the furniture designing, manufacturing, and verification procedures; such an approach is a blueprint for the next phases of our efforts, as it provides novel baseline ideas to rethink the testing process.



In addition to the pre-formulated central function-related goal, namely, verifying the structure of the cube with respect to the stability, static load, and impact capacities, other major factors of influence on persons such as the users and manufacturing operatives have to be recognized. Prominently included in this set are chemicals, represented by, for instance, volatile organic compounds. The relevant substances then comprise, among others, formaldehyde, an ingredient of the glue that is used in diverse types of plywood. Formaldehyde, by extension, finds application also in surface finish lacquers, fabrics, carpets, stationery, and electronics. Importantly, materials for the indoor environment are subjected to testing before entering the market.



To characterize formaldehyde in a balanced manner, we should describe the substance’s benefits too: a colorless glued splice joint, superior shear strength, favorable cost, and hardening temperatures between 10 and 180 °C. Yet formaldehyde is released into the air, and this drawback reflects in the legal requirements on children’s furniture; within the European Union, the applicable regulation consists in the standard EN 71-3 [61], its Czech Republic equivalent being ČSN EN 71-3+A1 (94 3095) [62], that sets forth stipulations concerning the safety of toys and the migration of selected chemical elements [62].



During the 1970s, the emission value reached 100 mg/100 g of the mass. Since 2004, European producers have been supplying chipboard and plywood boards in two emission classes, E1 and E2. In view of the released volumes of formaldehyde, plywoods are categorized into the A group (ČSN EN 1084, canceled in 2014) [63], and multiplex plywoods are classified according to their response to fire with the C designation in the standard ČSN EN 13501-1 [64]. The class E1 stipulates emissions below 0.1 ppm (0.124 mg/m3, as set out in ČSN 717-1/EN 717-1) [65]; in chip- and plywood boards, formaldehyde contents are specified as up to 8 mg/100 g of mass, according to EN 120 (an already invalid standard that has been substituted with ČSN EN ISO 12460-5 [66]. Materials characterized in the class E2 are suitable for outdoors only because the formaldehyde volume may attain 8 to 30 mg/100 g mass. Another finding lies in that the European Commission has set a new limit for the concentration of formaldehyde in “ambient” air: Regulation 2023/1464, published on 14 July 2023. This provision reduces the previous values to a half by setting the limit of 0.062 mg/m3 on the emissions, particularly with regard to wood-based products and furniture as possible “sources” of formaldehyde. Currently, there is chipboard/plywood furniture on the European market that has not been treated with formaldehyde or even has lower formaldehyde emissions than wood. The manufacturer or seller of such furniture shall provide an indication of the emission class. Each product and plywood material has to be described with a technical data sheet containing information on the properties and applicability of the product [41,67,68].



The Multiplex birch plywood complies with the E1 emission class; the central Europe-based company Demos Trade may serve in this context as a convenient reference subject, declaring that formaldehyde-free E0 plywood is available upon request (boards made from beech wood being the most affordable ones). An optional solution for the cube would rest in using beech plywood multiplex with an E0 emission class glue. To prevent the release of formaldehyde, all surfaces and edges of relevant products must be sealed with lacquer. The multifunctional play cube is protected with a water-based polyurethane varnish, meaning that even when using an E1 class plywood the release of formaldehyde is avoided [41,69].



In general, the path to offering and supplying a product in which the amount of emissions is clearly demonstrable rests in certification, i.e., labeling according to the volume of VOC emissions. This step has already been taken by France, Germany, and some Russian-speaking countries, to provide applicable examples. In France, products are tested according to EN ISO 16000, A+ being the best rating [70]. In Germany, all products introduced to the market must be tested. Other states use a recognized label, such as the Finnish M1 certificate, which monitors the TVOC for more than 2000 items [67,71].



Regarding the structure, strength, ruggedness, and stability, the product appears to be excessively massive to be used by children, considering the 15 mm plywood. In further research, we intend to examine the capabilities of 12 mm thick multiplex plywood, reducing the overall weight of the basic element down to approximately 5.0 kg.



A potential direction for the future investigation may lie in other items where the technologies involved (CO2 laser, 3D printing, CNC milling) at both the development and the application stages facilitate design progression. Using the combination of options specified herein often results in a multitude of convenient materials, new shape possibilities, innovative structural solutions, different designs, and a higher product strength.



Utilizing laser technology (PUR perforation cutting) together with PUR foam and birch plywood multiplex delivers a final product that supports and develops the motor skills of pre-school children. Here, the fact that (as a new direction for the research) a similar solution could support fine motor skills in pre-school children experiencing developmental dyspraxia and/or related disorders should be seriously considered.




5. Conclusions


The article discusses a multi-faceted product design that is based on functional tests at an officially approved furniture testing laboratory. The aim lies in exposing various application options for state-of-the-art designing technologies that facilitate the fabrication of a novel and interesting product with value-added features. In the case of the storage cubes, such properties are embodied especially in the actual use of the neodymium magnets and corner components, the latter being manufactured through the additive technology of 3D printing. The magnets function as fastening elements to hold either further parts of the play cube or a whole other cube. Despite their small size, the magnets exhibit a great contact force, and the tearing force equals 8 kg. The original design relied on the tearing force of 2.5 kg, but this lower value did not prove sufficient to satisfy the relevant testing requirements. Regarding the proportion of plastic materials, the largest amount is found in the product-specific corner components, as these were 3D-printed from the PLA (polylactic acid obtained via enzymatic hydrolysis from corn starch); importantly, the plastic is fully biodegradable. The acid, however, despite being the most favored option for the purpose thanks to its non-toxic character, lack of printing deformities, and easy recycling, is somewhat hampered by its relatively low temperature resistance of up to 65 °C. In comparable materials, relevant deformations occur at higher levels (ABS = 100 °C, PETG/HT-PETG = 110 °C). The reason to substantiate the use of PLA filament rests in the recyclability, ruggedness, and positional stability, the latter two properties being ensured by the edge joint. The recycling is commonly performed in industry-scale composting plants, where the conditions allow bioplastics to decay.



From the child’s perspective, the most significant aspect is the play factor, which, by extension, supports the motor skills and helps to develop the overall set of abilities. A further major asset is embedded in the visual and shape characteristics of the cube, being most prominent on the side surfaces through the insertion and extraction of the PUR foam-based, M letter-shaped color segments. The cube is a multi-purpose, structurally attractive, and playful item. In the ruggedness, stability, and safety testing, the sample involved did not show any damage or breakage, thus complying with the standards and confirming the structural design approach selected. As a matter of fact, when evaluated via the results, the product appears to be excessively massive, meaning that the future fabrication efforts might rely on thinner birch plywood (12 mm in thickness, for instance) to reduce the weight and to obtain a less bulky but sufficiently rugged product.



In the development procedures, we have combined suitable applied research and experimental manufacturing options, using nonconventional machining processes (laser and CNC plotter tasks) and additive technologies, namely, product design-oriented 3D printing. Such technologies then bring substantial benefits to both the designer and the market in terms of the economic, social, and environmental impacts.
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Figure 1. Design interpretations [15]. 
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Figure 2. Joinery birch plywood. Source: The authors’ archive. 
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Figure 3. A waterproof birch plywood sheet. Source: NIS (2014) [39]. 
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Figure 4. Comparing VYLEN®, with another substance [43]. 
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Figure 5. The VYLEN samples [44]. 
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Figure 6. (a) A model play cube setup; (b) the folding schemes. In the latter image, segment 1 exposes the use of the neodymium magnets in a manner that combines individual cubes into larger units. To connect two cube walls, the magnets (represented with the red spots) are glued into these walls; the other surfaces then incorporate sheet metal items (located by means of the blue spots). The diagram shows that the walls are invariably fixed to each other over the magnet-to-metal pattern, excluding the magnet-to-magnet and metal-to-metal options. Such a procedure simplifies the actual manufacturing, as the polarities do not need to be observed in the gluing operations. the magnets into the cube. Segments 2 and 3 then illustrate the vertical and horizontal folding, respectively. Source: the authors’ design (2020–2022). 
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Figure 7. The full drawings of the multi-purpose cube with perforated sides and an upholstered top surface. Source: the authors (2020). 
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Figure 8. A part of the technical documentation: the basic side and bottom plan. Source: the authors (2020). 
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Figure 9. The 3D-printed component on the corner edge area. Source: the authors (2022). 
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Figure 10. The bottom sectors: (a) an overall view of the 3D-printed gliders; (b) the gliders detailed on a corner edge. Source: the authors (2022). 
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Figure 11. Comparing the variants, (a); zooming on the bottom, (b). The latter image presents a bottom view of the individual parts: The red letter A indicates the top section of the cube, while the corresponding letter B denotes the base. Source: the authors (2023). 
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Figure 12. The stability testing configuration. Source: the authors (2023). 
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Figure 13. The tests: (a) static loading on a preselected spot; (b) overall static loading. Source: the authors (2023). 
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Figure 14. The impact testing: (a) before the action; (b) applying the force. Source: the authors (2023). 
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Figure 15. The stability testing: (a) with the gliders; (b) without the gliders. Source: the authors (2023). 
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Figure 16. The load and impact tests: (a) static loading; (b) impact action. Source: the authors (2023). 
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Table 1. The dimensions of the cube and accessories.
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	Component
	Width (mm)
	Depth (mm)
	Frontal Height (mm)





	Cube
	380
	380
	380



	Cube with gliders
	380
	380
	390



	Cushion
	400
	400
	60



	Table panel
	600
	600
	15







Source: the authors (2020).
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