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           1   Introduction 

 Computer-controlled fabrication – the design and printing of tangible, physical 
objects – has seen an explosion of interest, excitement, and technological innova-
tion in recent years. Laser cutters, 3D printers, desktop milling machines, computer-
controlled sewing machines, and the like are altering our collective view of 
computers: instead of disembodied “electronic brains”, it is now increasingly com-
mon to see computers as deeply interwoven with physical design and construction. 
In his popular book  The Long Tail , Anderson  (2008)  describes 3D printing as “the 
sort of radical technology that sets the imagination soaring”. (p. 247) Gershenfeld 
 (  2005  ) , in his inspiring book  Fab , discusses the implications of the burgeoning pos-
sibilities of personal fabrication:

  (C)onsider what would happen if the physical world outside computers was as malleable as 
the digital world inside computers. If ordinary people could personalize not just the content 
of computation but also its physical form. If mass customization lost the “mass” piece and 
become personal customization, with technology better refl ecting the needs and wishes of 
its users because it’s been developed by and for its users. If globalization gets replaced by 
localization. 

 The result would be a revolution that contains, rather than replaces, all of the prior revo-
lutions. Industrial production would merge with personal expression, which would merge 
with digital design…. Just as accumulated experience has found democracy to work better 
than monarchy, this would be a future based on widespread access to the means for inven-
tion rather than one based on technocracy. (p. 42)   

 Developments such as these have profound implications for educational comput-
ing and technology. In most educational discourse, the “computer” is seen as an 
entry to the Internet, or as a window to a “virtual universe” of information and 
abstraction; and the student is seen as someone staring at a screen (whether on a 
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desktop or held in their hand). With the increasing advent of fabrication, however, 
we can view the computer as the heart of a newly-conceived personal workshop, 
and the student as a hands-on creator and craftsperson. 

 Indeed, the rhetoric of student-controlled fabrication is now beginning to fi nd its 
way into educational research and discourse. As Lipson and Kurman  (2010)  write: 
“Educators want to serve different learning styles and offer hands-on learning: 
Personal-scale manufacturing tools serve today’s educator’s growing application of 
constructionist educational theory. Mainstream educators know that there is no “one 
size fi ts all” when it comes to classroom learning. Personal manufacturing tools 
offer students and teachers a wide range of pedagogical exercises and teaching 
aids.” (p. 32) Later in the same paper, they add: “Personal fabrication technologies 
provide a powerful educational tool that offers students the driver’s seat in the design 
and engineering process…. Computers and low-cost, small-scale manufacturing 
technologies, when integrated into science and technology classes, help educators 
craft physical models to help demonstrate educational concepts.” (p. 60) Likewise, 
Berry et al.  (  2010  )  observe: “The next generation of personal digital fabricators now 
make digital fabrication in schools feasible and practical for the fi rst time…. Low 
cost, versatility, and ease of use make this technology accessible to K-12 educators 
and students and can facilitate the introduction of engineering design and manufac-
turing concepts into early education.” 

 Despite the exhilarating possibilities of educational fabrication, however, there 
are still frustrating barriers to be overcome before these devices and systems can 
become commonplace in children’s lives. Design software is still too diffi cult for 
children (indeed, for many adults) to use; the various devices themselves are often 
too expensive, risky, or unwieldy for youngsters to play with; there is little in the 
way of supporting infrastructure (literature, websites, social networks, classroom or 
neighborhood laboratories) available to children interested in physical construction. 
Perhaps most important, there is a  cultural  shift that is needed: the designers of 
fabrication tools and systems need to re-interpret their products for children, and the 
educational technology community needs to expand its imaginative vision beyond 
the by-now-traditional combination of screen and Internet. A detente is called for. 

 This chapter is an exploration of several tentative-but-plausible ideas for creating 
“fabrication devices and techniques for children.” The essential turn in this explora-
tion is to begin with the sorts of materials and construction projects that children 
have traditionally enjoyed, and to bring the affordances of computational fabrica-
tion into that realm. Rather than thinking in terms of “industrial fabrication,” then, 
the goal here is to think of “playful, informal fabrication.” In a sense, the cultural 
shift being suggested is analogous to a similar, earlier shift that took place in the 
realm of computation: just as computers evolved from the industrial behemoths of 
the 1960s into the handheld browsers, e-book readers, phones, and game players of 
the current decade, we need to move our expectations about fabrication from the 
putatively “serious” world of adult professionals to the more playful (but in our 
view no less “serious”) world of children’s activities. 

 The remainder of this chapter is structured as follows: in Sect.  2 , we describe a 
working prototype of a child-friendly fabrication device, the  StringPrinter , intended 
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as an example of the sort of innovation that we are advocating. The StringPrinter 
(Ludwig et al.  2010  )  is an early work-in-progress, but it illustrates the potential of 
a design stance that emphasizes fabrication for children. Indeed, our larger goal 
here is not to highlight the StringPrinter in particular, but rather to use it as a 
springboard – a starting point – for broader discussion. Sect.  3  unpacks this discus-
sion, as we present a wide variety of plausible innovations for children’s fabrica-
tion. Much of this section is frankly exploratory and (at times) perhaps a bit 
futuristic; the overall intent is not to promote any one single project, but rather to 
spark the collective imagination of the educational technology community. The 
fi nal section discusses current related work in the area of educational fabrication; we also 
outline our plans for the StringPrinter and other projects in children’s fabrication 
technology.  

    2   The StringPrinter: Purpose and Design 

 We begin, then, by focusing on one of the most venerable (and perhaps the hum-
blest) of children’s craft materials: namely, string. Children have of course long 
enjoyed pastimes such as “cat’s cradle”, played with nothing but a loop of string and 
(at least) two pairs of hands 1 ; while a variety of children’s craft books, both old (e.g., 
Winsor  1915 , pp. 76–77) and recent (e.g., Campbell  2008 , p. 66), illustrate how to 
tie knots. In the literature of mathematical education, there have been numerous 
compelling uses of string for the creation of mathematical models of curves and 
surfaces. Cundy and Rollett’s  (  1961  )  classic book  Mathematical Models  is an excel-
lent introduction to this genre of work; still other marvelous sources of mathemati-
cal string crafts include (Millington  2004 ; Pohl  1986  ) . 

 This, in fact, is an interesting place to begin our exploration of children’s fabrica-
tion. Let us imagine, then, that we can treat string (for crafting purposes) as a mate-
rial that can be retrieved from an output device. In this case, the output device will 
not create or alter the string itself, but will merely decorate it with user-controlled 
color patterns. 

 A string-decorating device would actually be a useful addition to the tool chest 
of children’s crafts. In all of the traditional sources on string crafts, the material is 
assumed to be uniformly-colored: that is, the student’s projects cannot make use of 
varied color patterns along the length of the string itself. The ability to vary the 
coloring of the string or yarn in projects of this type should allow for an infi nitely 
wider range of possible projects, and should allow string crafts (particularly of the 
mathematical sort) to serve as a much more aesthetically appealing medium than it 
does at present. (See also Eisenberg  (  2002  )  for an early discussion of this idea). 

   1   A cartoon from 1858, by the artist John Leech in the British magazine  Punch , depicts adults play-
ing cat’s cradle (called “scratch cradle” in the cartoon’s caption). The cartoon can be found on the 
Web at:   www.john-leech-archive.org.uk/1858/snowed-up.htm    .  
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 It is with this goal in mind – adding a novel output device to the repertoire of 
children’s crafts – that we created our fi rst prototype of the StringPrinter. The basic 
design of the StringPrinter is shown in the schematic in Fig.  18.1 . Essentially, the 
device consists of a computer-controlled inking device that can apply ink selectively 
to portions of string as the string is pulled through the device. The inking device 
employs motors that push ink-soaked sponges against the string; the motors close 
and open under computer control. Of course, this brief description effectively 
fi nesses many of the fi ner parameters that went into the construction of the device: 
the materials chosen for the various elements (primarily, acrylic plastic); the 
mechanical means for conducting liquid ink to the sponges, and for retrieving and 
recycling ink for later use; the programming of the computer controller (in this case, 
implemented in an Arduino device). Space limitations preclude a fi ne-grained 
description of all these construction choices, but a video of the current working 
prototype can be found on the Internet. 2   

 Figure  18.2  shows several photographs of the current device, highlighting dis-
tinct aspects of its construction. In the upper left of the fi gure, a full-color photo-
graph of the entire device is shown; in addition three similar photographs are shown, 
tinted to emphasize specifi c portions (upper right, the paths by which fl uid ink is 
conducted to the sponges; lower left, the ink spool, Arduino controller, and funnel 
for retrieving unused ink; and bottom right, the framework and sponge-controlling 
motors for the device). Again, the overall function of the device is to permit the user 
to specify a pattern for decorating string of the following sort: “2 cm blue; 1 cm 
white; 3 cm blue; 1 cm white; 4 cm blue…” and to produce a length of string with 
that decorative pattern. Much as one might think of a standard ink jet printer as a 
“paper decorating device”, then, the StringPrinter is a “string decorating device”.  

  Fig. 18.1    Schematic and design of the StringPrinter       

   2   The video can be found at:   http://www.youtube.com/watch?v=33UV5E37RKU    .  
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 As already noted, the current StringPrinter implementation is a prototype only – and 
an early one at that. The device is currently controlled solely by an Arduino 
microcontroller, and the user can specify patterns of ink application by manually 
pushing buttons that are read by the Arduino; a full software interface, to control the 
device from a desktop computer, is currently under development. There are still other 
limitations to the current device: it only applies one color of ink at present (e.g., one 
cannot decorate a length of string with multiple colors), it is rather slow, and the reso-
lution of ink application is on the order of between 1 and 2 cm. Much more work has 
to be done on the current device before we can employ it in pilot tests with children. 
Still, the purpose of the current device is to illustrate a  style  of design – namely, a 
style in which children’s craft materials can become the focus of computer-controlled 
fabrication. Even in its present primitive state, the StringPrinter is capable, we 
believe, of expanding the possibilities of mathematical string crafts. Figure  18.3  
shows a couple of sample projects done with the printer. At left, a length of string 
with varying lengths of decoration (some employing one “length unit” and others 
two) can be seen; at right, a longer decorated string has been placed in a frame to 
display a central white square against a background of blue.   

  Fig. 18.2    The StringPrinter. At  upper left , a photograph of the device. At  upper right  and  bottom , 
we highlight the fl uid pathway for the ink, in  blue ; at  bottom left  we highlight the funnel, string 
spool (toward the  upper center  of the photograph) and Arduino controller ( bottom right  of the 
photograph), all in  yellow ; and at  bottom right  we highlight the framework and sponge-controlling 
motors of the device (in  red )       
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    3   Beyond the StringPrinter: Fabrication in Education, 
and in Children’s Culture 

 The StringPrinter of the previous section is – we concede – a prototype targeted 
both at a rather specifi c material (i.e., string) and at a specialized, if beautiful, corner 
of children’s mathematical crafting. The larger point of this effort is not so much to 
produce a commercial-quality fabrication device, but rather to illustrate the theme 
of child-friendly fabrication. In this section, we discuss a variety of potential design 
ideas building on the themes highlighted by the StringPrinter. The reader is encour-
aged to think of this section as an outline of many rough ideas–ideas which could 
conceivably be carried forward into working devices and techniques for children’s 
construction and engineering projects. 

    3.1   Arranging or Placing the Materials of Children’s Crafts 

 One way of viewing a fabrication device is as a tool for taking existing materials in 
“raw” form and placing those materials in complex patterns according to computer 
control. We might thus imagine a version of “child-friendly fabrication” character-
ized by the positioning or arrangement of craft materials. 

 To take a specifi c instance, a time-honored sort of classroom craft project is to 
begin with a collection of standard-sized multi-colored pieces: buttons, beads, mosaic 
stones, or even jellybeans might be used for this purpose. The pieces are then placed 
on a two-dimensional surface to create patterns or representational artwork; in effect, 

  Fig. 18.3    StringPrinter projects. At  left , lengths of custom-decorated string have been wound back 
and forth around opposite rows of pegs to produce (one or multiple) vertical stripes; at  right , cus-
tom-decorated string inserted into a square frame to produce a central white square       
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the various pieces are being used as discrete tangible pixels, analogous to the pixels 
of a computer screen. It would be plausible to create fabrication devices that can 
perform complex “pixel-placement” projects of this sort; this would enrich – but not 
supplant – children’s crafting. For instance, one might have a “button-placing 
machine” that, given supplies of standard buttons or discs of specifi c colors, places 
those items in a two-dimensional array to serve as a background pattern for chil-
dren’s work. Ideally, the design software to create the patterns would be simple 
enough for children to use: thus, a child might create part of a button-art project via 
output device (using design software to specify the pattern to be placed), and might 
create other portions of the project (perhaps using specialized buttons or other pieces) 
with her own hands. 

 The previous paragraph described a scenario in which children’s craft materials 
(e.g., buttons or beads) are arranged via computer control. One might go even a bit 
further and imagine devices that fabricate objects via placement in three dimensions – 
rather than only two, as in the previous example. Figure  18.4  illustrates where we are 
headed with this idea: the fi gure shows a pair of constructions made in our lab 
(unaided by machines!) using multicolored beads. The construction at left uses Perler 
beads, which can be fused together by the heat of a handheld iron; the construction 
at right was made from Pixos, which join together into solid masses when moistened. 
In both cases, it is clearly possible to use the beads not merely as “tangible pixels”, 

  Fig. 18.4    Two vase-like constructions made from multicolored beads. The construction at  left  
(made by Jeff LaMarche) is created from Perler beads, which are cylindrical beads that can be 
fused together by the heat of an iron. The construction at  right  was made with Pixos, which are 
spherical beads that stick together in water; in this instance, the shape was made by pouring dry 
Pixos into a vase-shaped mold, adding water, and then (after a time) removing the mold       
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but in effect as “tangible voxels” that could conceivably be placed by a suitably 
 constructed children’s fabrication device. A bead-printer in this expanded sense 
could translate screen representations of 3D objects into physical versions, printed 
out by the arrangement of numerous colored beads in successive vertical layers. One 
might think of such a device as a discrete, child-friendly version of a 3D printer, with 
the added advantage (beyond the capabilities of standard single-material printers) of 
creating objects in multiple colors.   

    3.2   Cutting or Engraving the Materials of Children’s Crafts 

 The previous subsection described potential directions for what might be called 
“fabrication-via-placement”. Another way of thinking about children’s fabrication 
is to use an output device to cut, slice, or engrave materials (e.g., through the use of 
a computer-controlled laser, as in standard desktop laser cutters). 

 A number of classroom craft materials are good candidates for this sort of proj-
ect. Consider, for example, the venerable classroom supply of ribbon. One might 
imagine creating a device whose role is to cut customized patterns in long strips of 
ribbon via computer control. The basic idea here is to use a computer-driven laser 
to “draw” complex high-resolution patterns of holes into the material. Figure  18.5  
shows a photograph of a recent prototype along these lines constructed by a team of 
graduate students in our laboratory. The students created a computer-controlled 
device that moves a spool of paper tape within a desktop laser cutter, allowing the 
cutter to create patterns in the tape. (In this case, the paper tape is playing the same 

  Fig. 18.5    A computer-controlled paper-tape spooler device has been placed on the table of a 
desktop laser cutter. The basic idea of the device is that it permits users to progressively spool 
lengths of paper tape that can be cut or engraved by a moving laser. Details of the device’s con-
struction can be found at the Instructables.com website, at:   http://www.instructables.com/id/
Scrollable-Laser-Cutting-Addition/           
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role as spools of ribbon in our description). Figure  18.6  shows a photograph of a 
length of paper tape in which patterns have been cut using the device.   

 The paper-tape-cutter of Figs.  18.5  and  18.6  is (like the StringPrinter) a proto-
type, but it suggests a type of design that might well be employed for classroom 
fabrication. That is, we could imagine a small-scale “ribbon cutter” (or “paper tape 
cutter”) geared toward children’s crafts, and accompanied by software that allows 
children to specify patterns to cut into the material. These patterns might be repeti-
tive “frieze” type patterns, as in the photograph of Fig.  18.6 ; or they might be spe-
cialized patterns such as snippets of cut-out text. Such an output device might also 
be used to customize materials used in mathematical crafts such as paper weaving 
(cf. Wigg and Hasselschwert  2001 , p. 316), in which strips or paper tape are folded 
or woven into complex constructions. 

 Nor are ribbon or tape the only craft materials that could be employed in this sort 
of cutting/engraving fabrication device. Another possible choice might be the com-
mon (we resist the adjective “lowly”) popsicle stick. These wooden “craft sticks” 
are routinely used in children’s construction projects; being made of wood, they 
could easily be cut or shaped by a small-scale, specialized laser-cutting device. 
Children could thus build with sticks into which specialized holes (or, again, text) 
could be cut; the sticks might be shaped along the edges to produce construction 
sticks with complex boundaries. In short, then, a classroom “popsicle-stick-cutter” 
would be a delightful tool for children’s crafting.  

    3.3   Extruding or Reshaping the Materials of Children’s Crafts 

 The previous subsections began by examining standard materials of children’s con-
struction – beads, buttons, ribbon, popsicle sticks – and imagining ways in which 
fabrication devices could arrange, cut, or engrave these objects. Still other chil-
dren’s craft objects might be extruded or shaped by innovative fabrication devices. 

 To take an example along these lines, consider the humble plastic soda straw – 
again, a staple of children’s constructions. In many classroom projects, straws are 
used much like wooden construction sticks – they are assembled as struts in larger 

  Fig. 18.6    A length of paper tape, spooled by the device in Fig.  18.5 , in which a succession of 
diamond-shaped holes have been cut       
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patterns and structures. Often, the straws are connected by threading string (or pipe 
cleaners) through the length of the straw, and tying together the ends of the string 
(or pipe cleaners) to link adjacent straws. One advantage of straws over wooden 
sticks is that the former can be easily bent into curved shapes. If the reader is in any 
doubt as to the remarkable versatility of plastic straws as a crafting medium, an 
Internet image search on “plastic straw sculpture” (using one’s favorite search 
engine) will prove an astonishing experience. 

 For children’s work, it is quite conceivable that a fabrication device could be con-
structed to heat and bend plastic straws into specifi ed curved confi gurations (say, a 
circular arc, or V-shape, or one cycle of a sine wave). Such a device alone would, in 
effect, expand the artistic range of this most-informal children’s medium. Even the 
classic “cube made out of drinking straws” could be made more interesting if the 
straws themselves were fashioned into curved arcs. A still more ambitious fabrica-
tion device might be able to join straws together at their ends, or to fashion custom-
made construction straws out of inexpensive plastic material, or (returning to the 
ideas of the previous subsection) to cut or engrave straws in complex patterns.  

    3.4   Decorating or Coloring the Materials of Children’s Crafts 

 It should be pointed out that the most familiar of all modern-day “output devices” – 
the desktop inkjet printer – does not so much output paper as it does decorate paper. 
That is to say, an inkjet printer (much like the StringPrinter) takes in plain or 
undecorated material and then elaborates that material with printed designs. Thus, 
one of the primary purposes of a standard output device can be described as the 
decoration of a physical substrate. 

 Children now routinely make use of inkjet printers to make various types of 
papercraft projects (though even here, it is worth bearing in mind how rapidly color 
printers have blossomed into classroom-ready devices; 25 years ago a computer-
controlled color printer was an expensive artifact, for professional use only). At the 
same time, there are other types of craft materials, besides paper, that are common 
to children’s projects and that could be decorated or embellished with child-friendly 
output devices. 

 Two materials of this sort are the soft sculptural materials made from (in the 
fi rst case) a mixture of sawdust and glue, and (in the second case) cornstarch and 
baking soda mixed with water. Both these media are familiar to classroom arts-
and-crafts teachers, and both are capable of being shaped into creative sculptural 
constructions. The former mixture is a kind of homemade wood putty; the latter 
more like a simple sort of soft clay, suitable for baking into hardened forms. In 
either case, it is conceivable that an output device could be constructed to tint or 
decorate the plain mixture (using, e.g., dyes or food coloring) in complex com-
puter-controlled patterns while the material is still soft and pliable. The idea here 
is to think of “fabrication” as a matter of custom-decorating the raw material with 
which children work. 
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 To conclude this extended daydream: there are numerous ways to think about 
computer-controlled fabrication – as a matter of physical arrangement of existing 
pieces, or cutting material, or reshaping material, or decoration. We have no doubt 
that there are still other modalities of fabrication that we have overlooked here; we 
make no pretense of completeness in this list. And – to continue in this self-depre-
catory vein – most likely, some of the suggestions in this section for creating novel 
fabrication devices wouldn’t pan out if attempted; but perhaps others would pan out 
spectacularly well. The larger point, again, is that the landscape of children’s crafts 
is abundantly populated with materials – buttons, straws, ribbons, homemade clay – 
that are off the collective radar of the “serious” fabrication industry, much as chil-
dren’s activities were invisible to early computer designers. There is a wealth of 
potential research and development in this area – and a lot of fun to be had by both 
designers and children alike – in re-imagining fabrication through the lens of chil-
dren’s crafts.   

    4   Related and Ongoing Work: The Growth of Child-Friendly 
Fabrication and Output 

 The work and ideas described in this chapter are infl uenced by several lines of exist-
ing research. It should be clear that, from the standpoint of educational philosophy, 
our examples draw strongly on the “constructionist” tradition in which learning is 
grounded in the design and creation of content-rich artifacts (see, for example, 
Papert  1991  and Noss and Hoyles  2006  ) . By and large, we see fabrication devices 
not exclusively, or primarily, in the role of “teaching skills”, but rather in the role of 
providing children with expressive, challenging activities and interests. For this rea-
son, we have not (in this chapter) highlighted the use of fabrication devices to teach 
standard content in areas such as arithmetic or algebra, though such uses are cer-
tainly plausible. Instead, we see fabrication as furthering children’s idiosyncratic, 
creative intellectual lives (cf. [Eisenberg  2011 ]). 

 This is not the occasion to revisit long-standing arguments about the merits and 
problems of the constructionist viewpoint. Nonetheless, the connection between 
fabrication and the constructionist educational philosophy is (to our way of think-
ing) quite natural. The tools with which children can build are now much more 
powerful than those available just a decade or so ago. It is time to revisit educational 
constructionism in the light of these new technological developments. 

 Indeed, the growth of fabrication promises to have educational impact beyond 
the world of children, or classrooms, alone. Most prominently, there is a recent 
explosion in affordable 3D printing that, we believe, heralds an increasingly democ-
ratized climate of personal construction. Examples such as the Makerbot (  www.
makerbot.com    ), RepRap (reprap.org), and Fab at Home project (Malone and Lipson 
 2007  )  collectively point the way toward a near future in which all sorts of people – 
professionals, hobbyists, amateurs, and youngsters – have access to high quality 
personal fabrication devices and techniques. Moreover – and here, the analogy with 
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the early home computer industry breaks down somewhat – this budding revolution 
in personal fabrication is supported by an infrastructure of Web-based services and 
information. Even for those without access to a fabrication lab, sites such as   ponoko.
com     and   shapeways.com     advertise their ability to print out high-quality customized 
objects from computer specifi cations. Other sites, such as that associated with  Make 
Magazine , offer advice, forums, and information to the apprentice user of fabrica-
tion devices; and still others, such as   thingiverse.com    , allow users to present and 
share their best 3D construction work. 

 In short, 3D printing is well on its way toward a prominent presence in home tech-
nology – including, without question, educational technology. Still, to return to our 
overall theme, it has been the argument of this chapter that 3D printing is only one (very 
powerful) element of a much larger potential landscape of child-friendly fabrication. 
We have 3D printers – how about “printers” for string, or straws, or popsicle sticks, or 
buttons, or beads? A suggestion of the type of innovation that we are advocating here 
is found in the marvelous “Eggbot” device created by Bruce Shapiro (  egg-bot.com    ); 
this is a device that decorates eggshells and spherical surfaces with complex patterns 
under computer control (it thus falls into the “fabrication-as-decoration” category of 
the previous section’s informal taxonomy). Still other researchers are exploring 
children’s projects using other types of fabrication tools such as commercial desk-
top paper cutters (see for example the project description at    www.DigitalFabrication.
org    ). These are wonderful developments, but what is really needed is a much greater, 
longer-term collaboration between the largely disparate worlds of children’s 
arts-and-crafts (on the one hand) and fabrication technology (on the other). 

 We intend to do at least some additional development on the StringPrinter (includ-
ing some software development for controlling the device from a desktop “string-
decorating” interface); and we hope to pursue at least one or two of the sample ideas 
described in this chapter. There is evidently no lack of work to pursue, and opportuni-
ties for a wide range of researchers and participants of all ages and backgrounds. As 
an initial step, we happily invite readers to pursue any of these ideas in their own 
design work, or to make up still other projects for children’s fabrication.      
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