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1 Introduction 

Based on the theoretical basis of the first phase, documented in Part I, this document is concerned 

with the practical part of our research. It documents the different prototypes built, the lessons 

learned and improvements made in the following prototypes. It finishes with several concepts for 

future improvements on the framing structure. 

2 Prototype 2 

According to the design of Part I, the framing structure consists of two L-shaped metal plates. We 

used standard angle brackets available as building materials, each side 90mm wide, 40mm high made 

from 2mm thick steel. These were fit together with rubber bands to form the uncompressed frame. 

A large number of pins of approximately 6 cm were cut from the spaghetti. In order to accomplish 

that, a number of spaghetti were arranged side by side between two metal plates, and were broken 

at approximately the same length by lifting the lower plate. Spaghetti that were broken at a different 

height were sorted out. 

The frame was set up on its side, and pins were added until the frame was tightly filled. The borders 

expanded slightly on one side, so that the rubber bands exerted a moderate pressure on the pins, 

and the arrangement was stable. Since the pins are very light, they could not be arranged layer by 

layer, since they would shift around easily unless a sufficient number of pins was added, and a 

pressure could build up. Fortunately, the hexagonal lattice formed largely by itself, except for one 

problem: Lattice Defects. 

2.1 Lattice Defects 

The hexagonal lattice has two different pin arrangements in orthogonal directions, the one with pins 

tightly lined up, the other with the pins arranged in a zig zag pattern with each second row shifted by 

half a pin to the side. It turned out, the straight arrangement is more likely to form spontaneously on 

the straight edges of the plates. So, we ended up with the straight arrangement on all four edges of 

the frame. From each the border, the local lattice formed quite reliably, but since the lattices are 

rotated about 30° relative to each other, instable lattice errors formed at the lines where these local 

lattices met. There, undesirable irregular contact points occur, and pins are likely to fall out. 
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This is comparable to crystallographic defects as known in material sciences. In crystals, atoms form 

regular lattices, depending on the elements used. During crystallization, the lattices typically grow 

starting from a seed nucleus and spread out through the material.  

In most inorganic solids (e.g. metals), the crystal typically grow starting from multiple initial nuclei 

with a random orientation, forming so-called crystallite grains. Where these meet, a crystallographic 

defect occurs, the so-called grain boundary. This is known to strengthen various materials, e.g. Steel, 

as a uniform monocrystalline solid is more likely to break along the main lattice planes, and a random 

distribution of different lattice orientations disrupts those lattice planes. While this is desirable for 

many mechanical applications, other applications require a large single crystal with a regular lattice, 

e.g., for silicon wafers. Such single crystals do not form spontaneously, but need to be carefully 

grown from a single seed crystallite. 

Analogous to growing crystals, we tried to more carefully "grow" the lattice from the ground plane. 

We removed some pins to lower the pressure and let the pins move more freely in the lattice. By 

lifting the pins that were in the wrong lattice, and letting them fall on the desired lattice at the 

bottom, we managed to form a mostly uniform lattice. We filled again the remaining space at the top 

with pins to increase the pressure, and fix the lattice.  

In the now stable arrangement, several other lattice defects formed at various places, especially at 

the top. These are also similar to crystallographic defects known from material sciences: 

Vacancy defects are single missing pins which can be easily completed by pushing in a new pin.  

The opposite, i.e., one or a few pins too many, may have more severe effects. The additional pin 

typically offsets whole lines of pins in a V-shape and is therefore more difficult to find and correct. 

Most difficult were so-called line defects, where one or more partial lines of pins are inserted. The 

lattice looks correct on the left and right edges, but where the partial line ends, the lattice is warped 

in unexpected patterns, that are difficult to identify and correct. It helped to color or push in a grid of 

every (e.g.) 10th pin, which makes it more obvious, where a change of the number of rows or 

columns forms. This error can then be corrected by either inserting pins along the missing part of the 

line, or by removing the superfluous line of pins. 

After manual correction of all lattice defects, a stable arrangement could be formed, and even the 

zig-zag pattern on the left and right side was stable. Only minor instabilities persisted at the corners 

of the frames. The two corners where the L shape is bent form a non-perfect edge with a small radius 
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that slightly deformed the lattice. We removed one row of pins, so that at these edges the row starts 

with the half-pin gap. 

At the other two corners the metal the edge pins are looser, since the metal plate is slightly bent 

outward there. Sometimes a single edge pin falls out, but does not compromise the overall lattice 

stability. 

2.2 Experiments 

The lattice was surprisingly stable with only rubber bands tightening the frame, as long as the 

arrangement was either upright, or rested on a board to avoid pins from falling out. The pins could 

be moved easily, but maintained their lattice position, even when pushed half of the pin length. By 

forming a pyramid, center pins could even be pushed beyond the frame.  

When firmly pushed with the hands, the frame could even be lifted, without the pins falling out due 

to large enough mutual friction. 

Using two screw clamps, on two opposite walls of the frame, a large enough pressure force could be 

created, to form a very stable, almost hard relief surface. However, care needed to be taken to 

fasten both clamps simultaneously. Otherwise, a shearing of the pin lattice could occur along one of 

the major lattice axes, and half of the lattice was offset by one or more pin locations relative to the 

other half. In most cases, this could be repaired by removing the clamps and carefully pushing the 

displaced half back in place. In rare occasions, the lattice had to be further repaired along the 

breaking line. 

2.3 Flattening 

Since the pins were manually broken into pieces, they had varying lengths resulting in a very rough 

surface. The next goal was to ensure, that all pins had the same length. 

With the screw clamps in place, the arrangement was very stable, so that the pins could be sanded 

on both sides using a large belt sander, until both sides where planar, and approximately parallel to 

each other, with a length of approximately 5cm. Sanding of the material worked fine, crating fine 

dust of flour, with moderate warming of the block. No pins were broken. The resulting surfaces are 

very smooth and pleasant to touch. 

Remnants of flour can be found in the spaces between the pins, but do not seem to cause problems, 

other than white dust occasionally falling out when adjusted. It can be blown out with compressed 



 

  5 

air, but care has to be taken not to blow out the pins, even when fastened tight, as occurred once in 

our lab. On the contrary, the flour even seems to act as a kind of lubricant between the pins. 

2.4 Casting 

Now, with all pins of approximately the same length, a first relief could be cast. The pin medium was 

placed on an existing relief of a former project, with the clamps removed. Friction between pins was 

too large that they were fully lowered by gravity alone. Gently pushing them down, first with fingers, 

then with finer tools like embossing stamp pens, the shape of the underlying relief was revealed 

more and more clearly. Although the pins had a diameter of approximately 1.75mm, the shape and 

even finer details were clearly visible. Carefully applying the clamps, the pin relief could be removed 

and the clamps fastened as tight as possible. The shape could be touched, even with firm pressure, 

without being destroyed. The shape could be felt clearly, and finger movement was smooth, 

especially at flat and smoothly rounded parts. At steep borders, the discretization stair-case artifacts 

could be felt, but were not distracting. Also, when stroking upward on an angled slope, the top 

circular edges of the pins could be felt as a rough texture but was acceptable. Stroking in the 

opposite direction was quite smooth. 
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Figure 1: Prototype 2. 3038 pins, Ø 1.75mm, 89x88mm, 2 angle brackets, rubber bands, 2 clamps. 
Top left: lattice errors during arrangement. Top right: clamped tight and sanded flat. Bottom left: 
molding of existing relief. Bottom right: clamped tight, can be removed from the relief. 

 

3 Prototype 3 

Positively surprised by the good quality of the first prototype, we planned a third prototype with 

thinner pins to improve the spatial resolution and reducing discretization artefacts. 

3.1 Thinner Pins 

Since spaghetti turned out to be a really useful material for the pins, we decided to continue with 

noodles, and searched for thinner variants. Indeed, the Italian cuisine has a large variety of long, thin, 

cylindrical, solid pasta. According to a standard chart of a pasta machine producer [40], standard 

diameters range from 4mm to 0.8mm. Thick pasta with over 2mm diameter is called Spaghettoni, 1.7 

to 1.8 mm are Spaghetti as mainly used in the central European cuisine, thinner noodles are called 

Spaghettini, and very thin noodles Capellini or Capelli D’Angelo. 

Although names and seemingly standardized numbers are assigned to the different diameters, the 

diameters vary strongly between different manufacturers (compare [39] and [40]). We sampled 
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several brands in order to find pasta of a useful diameter around 1mm. The thinnest we could find at 

the Austrian market were Barilla Spaghettini n.1 with approximately 1.15mm, which are sold in a few 

stores in Vienna. 

Table 1: Measurements of different kinds of noodles. 

Type Brand Measured Diameter 

Spaghetti S-Budget 1.75 mm 

Spaghettini Barilla n.3 1.45 mm 

Spaghettini Recheis No 3 1.45mm 

Capellini Trafila Ruvida di Bronzo, n. 30 1.35mm 

Capellini Barilla n.1    1.15mm 

3.2 Cutting Pins 

The method of breaking the spaghetti for the first prototype was acceptable, but yielded pins with a 

strong variation in length. This turned out to be hindering during the pin arrangement, since straight 

lines and patterns were more difficult to see, in order to detect lattice defects. In addition, they often 

broke with a steep slope, which required to sand away a large amount until a planar pin was reached. 

For the next prototype we wanted to find a way to cut the noodles to a much smaller tolerance and 

with possibly perpendicular cuts. 

We tried a number of different sawing tools, bundled the noodles to firm packages, put them in 

housings. However, we did not find a satisfactory way. Often, the brittle noodles broke upon contact 

with the saw, especially at the outer parts of the packages, requiring to manually sort out a large 

amount of pins. And, consecutive cuts resulted in up to a millimeter difference in length. 

The method that eventually worked was laser cutting. Laser cutters focus a high-energy beam of 

infrared laser light onto a surface, locally burning or melting away the material, and are moved by a 

computer controlled to realize arbitrary complex cutting paths. However, the laser beam is only 

focused in a very narrow height band, quickly getting wider and less powerful millimeters above and 

below. Therefore, the spaghetti needed to be arranged in a single layer.  

The target length was 8cm. Since the uncut spaghetti have a length of between 25.5 and 26mm up to 

3 pins could be cut from each spaghetti, unless it was broken in the package. To allow for alignment 

errors and to ensure perpendicular cuts, we created a cutting path with four straight cutting paths at 

5, 85.5, 166 and 246.5mm, with an excess of 0.5mm for laser cutting and subsequent sanding. 
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In order to ensure a consistent and uniform arrangement, a cutting stencil was used, created from a 

thin wooden panel with a fence on the upper edge. Square holes of 1cm height have been cut from 

the panel around the cutting paths in order to let the laser beam pass underneath to prevent burn of 

the panel. The total length was 60 cm, divided into 3 parts with small gaps between them, to not 

completely cut the wooden panel. 

First cuts with high enough laser power to completely cut the noodles resulted in a strong smell, 

made the ends look burned up to 3 mm in length, and made the ends sticky by some unknown 

reaction with the high heat. In a refined process, we lowered the laser energy and increased the 

cutter speed to just create a little crack in the noodle surface. Subsequent bending of the noodles 

broke them exactly at the desired locations, with clean perpendicular cuts. 

Around 400 spaghetti could be placed in each run, which was composed of the following tasks:  

 Sorting out noodles which are overly short, strongly bent or otherwise degraded. 

 Uniform arrangement of noodles, without overlap, and as perpendicular as possible. Small 

deviations from the perpendicular direction does not strongly affect the cut length since it 

follows the law of the cosine. 

 Sliding up the noodles until they touch the upper fence. 

 Running the laser (approx. 20 seconds) and waiting for the fume to be vented away. 

 Breaking away the small top parts, by holding the noodles down, and stroking with the finger 

over the top row. Repeating to break the other 3 paths from top to bottom. 

 Collecting the noodles off the plate, and bundling with rubber bands. 

 Sorting out noodles too long or too short in the bundles. 

The whole process taking around 10 to 15 minutes for approximately 400 spaghetti, was repeated 

until a sufficient number of pins were cut. 

It turned out, that the lower third of the noodles was not useable in most cases. Many spaghetti 

were broken in the package already below the 251.5mm cut line, and therefore a lot of pins would 

have needed to be sorted out. But more importantly, the Capellini turned out to be less straight than 

the thicker spaghetti, possibly because they have less weight and do not straighten themselves as 

much while handing during the drying process. Upon watching production videos we realized, that 

the spaghetti dry in strands hanging down a pole with the double length of the final spaghetti, 

probably 50cm. After the drying process they are cut in three pieces: the upper part with the bow 

that was over the pole is cut away, and the remaining part is cut in half and then packaged. Indeed it 
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was observable that approximately every second package of Capellini was overly straight, 

presumable from the lower cut part, while the other half notably more bent in the upper third, which 

was closest to the pole. Noodles from the latter packages were put in, so that the straight part was 

on top, and the lower third was thrown away. 

Figure 2: Cutting pins. Top: A layer of arranged Capellini noodles on a wooden board ready to be 
cut. Bottom left: Partially cut Capellini after laser cutting. Bottom right: Bundle of cut pins of 
exactly the same length. 

 

3.3 Building the Prototype 

Now having a large supply of perfectly cut pins, we prepared the next prototype similar to prototype 

2. Since the pins were now 8cm long, we used L-shaped angle brackets with a height of 65mm, length 

on both sides of 90mm and made from 2mm steel, again hold together with rubber bands. 

Arrangement of the more and thinner pins was much harder. Small variations in diameter added up 

much more over the larger array, and it was hard to arrange the pins into an error-free hexagonal 

lattice, especially on the sides of the zig-zag pattern. After several unsuccessful attempts to complete 

the lattice, the arrangement was eventually destroyed and all pins fell out. 
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Figure 3: Prototype 3 during arrangement. ~5800 pins, Ø 1.15mm, 87x85mm, 2 angle brackets, and 
rubber bands. Note the lattice defects mainly at the borders. 

 

4 Prototype 4 

4.1 Computer Simulation 

Before further physical tests, we decided to test the spontaneous arrangement of pins in a computer 

simulation. We used the open source 2D physics simulation engine Box2D [41] to model different 

framing structures and a number of pins as circles. The interactive program allows to move individual 

objects, and allowed easier experimentation, without the risk of destroying a physical arrangement 

of pins. The simulation was quite satisfactory, as the same lattice defects could be created, and the 

behavior was similar to the real world pins. With four straight walls, the same problems occurred as 

with the previous prototypes in that rotated lattices were created with grain boundaries formed. But 

if the side walls were exactly shaped in the required zig-zag pattern, much less defects were created, 

and a much more stable arrangement was spontaneously formed. 
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Figure 5: Hexagonal arrangement 
with the aid of half-pins. 

Figure 4: Simulation with Box2D [41], showing good spontaneous arrangement of randomly 
inserted pins with frame respecting the zig-zag arrangement on the left and right edge. Left: state 
after random insertion of pins and pressure block from above. There is already a good 
arrangement at the borders, but there are inhomogeneous regions inside. Right: optimal state 
after shaking the arrangement and manually correcting a few pins. 

 

4.2 Revision of Frame Design 

With the knowledge gained from the simulation, we re-designed the framing structure. Ideally, the 

frame should force the outer layer of pins into the exact position required for a regular lattice. 

The problems with the frame of prototype 3 were three-fold. 

First, the zig-zag pattern on the sides was not enforced. 

Second, the metal brackets were not perfectly straight and 

the hard metal could not adapt to added-up variations in the 

pin diameters. Third, the exact number of pins required for 

the given size was hard to count and required trial and error. 

 

One possibility to remove the need for the zig-zag pattern is 

to use half cylinders as the outer pins (see Figure 5). This is 

the natural result, when cutting out a rectangular region out 

of a hexagonal arrangement. However, this was not possible, since half pins could not be found on 

the market, and are probably not easy to produce. And, it would only account for the zig-zag pattern, 

and not solve the other problems. In addition, arrangement of a second kind of pins could introduce 

further problems during construction. 

The solution we found feasible was, to create an additional inner frame of a flexible material, which 

had grooves for the pins and could adapt to the aforementioned variations. 
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There are several possibilities to design the grooves (cf. Figure 6): 

 Filled: The frame fills exactly the space to the outer layer of pins, as if it is flush-cast. There 

are however very sharp edges in the frame, which are hard to manufacture and may be easy 

to break. In addition, the touching surface between the pin and the frame is very large, which 

may hinder the sliding capability of the outer pins. However, this might be a problem in any 

case between silicone and pin, and it is possible to simply don't allow sliding of the pins the 

outer layer of the frame. 

 External pins: The frame formed like another row of (half) pins. This allows to be the 

touching points in the frame exactly like between pins inside the lattice, which might be of 

advantage for an even pressure distribution. However, since the frame is composed of 

another, much more flexible material, this might not work as expected. In addition, this 

design has very sharp indentations and highly protruding pins on the zig-zag wall, making 

them hard to manufacture and possibly compromising stability. 

 Hexagonal: This is the tight frame for hexagonal pins. It is easier to manufacture, more 

stable, and has similar points of contact than the "external pin" design. 

 Rounded: This is a trade-off, between above designs. It is a mix of the "filled" and "external-

pin" design and effectively a rounded version of the "hexagonal" design. It is especially easy 

to manufacture since no edges are required, and is therefore our choice. 

Figure 6: Different groove designs. F.l.t.r.: filled, external pins, hexagonal, rounded. 

 

The design has grooves on all four sides, which helps in aligning the correct number of pins, since 

each pin will rest in its own groove. 

85We considered creating a mold with CNC milling and to use casting silicone to produce the outer 

walls in a high quality.  
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Figure 8: Different corner options for 
the silicone frame. Top left: The 
chosen option, 45° bevel. Top right: 
The most natural, 60°. Bottom: 90° 
on either part. 

An easier method was to acquire 5mm silicone plates and to directly cut the grooves in it. First tests 

with milling tools did not work as expected, since the material cannot be cut well, especially not with 

the required tolerances. 

We resorted to laser engraving, which is e.g. used for stamper production. Typical laser cutter are 

able to engrave relief surfaces, by varying the laser power while rastering over the surface in narrow 

lines. The exact groove profiles were created using Mathematica, and a grayscale image was 

exported which encoded the depth at each position.  

A first test run of a small test frame revealed, that the depths were non-linearly distorted, distorting 

the grooves into non-round incompatible shapes for the pins. In order to overcome this problem, a 

calibration pattern was lasered with 15 different shades of gray. The depths of the resulting grooves 

where measured, and a non-linear regression run to fit a curve through the measurements in order 

to calibrate the pattern. 

The revised pattern was cut, and revealed a good quality. 

Figure 7: Laser engraving of a silicone sheet. Note the dust of burnt silicone, and the flames of the 
laser beam. Please note: this is a photo of the silicone sheet of prototype 6. 

 

The next challenge was to align the four sides to sub-

millimeter precision. This precision is necessary, that the 

groove for the pin in the corner is of the correct size and 

shape. And since the pin is only around 1mm, the precision of 

alignment has to be well below that. 

In a small test of approximately 24x24 mm pin array size and 

40mm height, we created different types of junctions in the 

corners either cut with a sharp blade or carefully sanded on a 

grinding wheel, angled either 90° of 45°. Then aligned with 
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rubber bands and filled with pins. The corner with the 45° sanded bevel could hold the corner pin 

best. 

5 Prototype 5 

This prototype was a rebuild with the materials of the broken prototype 3, but with the new inner 

frame design of prototype 4. A black silicone plate, 5 mm thick, hardness of Shore A 60 was 

engraved, thoroughly washed and brushed to get off the lasered dust, and the corners sanded to a 

frame-like bevel of 45°, with the outsides of the corners rounded, too, in order to give way for the 

slightly rounded corners of the metal plates. Two sides were glued on each of the L-shaped angle 

brackets with a double-sided adhesive tape, so that the formed corner is correctly aligned. The inner 

frame slightly protrude from the metal plate, so that when fitted together, the metal plates don't 

touch and allow a few millimeter of space to be compressed. 

The frame was filled with 5343 of the 80mm long, 1.15mm diameter Capellini pins. Pin arrangement 

was much easier with the support of the inner frame. The compressible inner frame could adapt to 

small variations and the bending of the outer metal frame. 

However, there were some problems at the corners, since the silicone frame could not be fitted to a 

high enough precision. Especially the corners between the two angle brackets were notably more 

compressed than the corners inside each angle bracket. We concluded, that the inner frame is best 

made as a single piece, and that no L-shaped plates should be used but four individual plates. And 

these must not be glued to the plates over the whole length to allow for a more uniform contraction 

and expansion between the compressed and uncompressed states. Further, it turned out, that the 

first and last row should better have the larger number of pins, than the smaller (cf. Figure 8), since it 

was more difficult to insert the pins in the bottom layers. 

And, we could only fit one row less than there were grooves cut, with a part of the frame in which 

the pins are not inside the grooves. Obviously, the measurement of a single pin diameter was not 

exact enough. Therefore, we measured the full length of pins in the compressed and uncompressed 

state to get a much better estimate of the diameter in the actual arrangement: 1.18mm 

uncompressed, and 1.16mm compressed. 
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Figure 9: Prototype 5. 5343 pins, Ø 1.15mm, 79x79mm, 2 angle brackets with laser cut silicone 
plates, rubber bands, and 2 clamps. Left: clamped tight and sanded flat. Right: molding of existing 
relief. Notice the higher resolution than prototype 2. 

 

6 Prototype 6 

With the knowledge gained from the previous prototypes, this prototype should be in the full size of 

20x20cm, to analyze the behavior and stability of such a large arrangement. 

6.1 Inner Frame Re-Design 

The result of prototype 5 revealed, that the inner silicone frame should be made as a single piece and 

required a more exact alignment at the corners.  

To allow a more exact alignment, we decided that the ends of the silicone plates need to be laser cut 

as well. Engraving a slope of 45° for the whole thickness of 5mm was not feasible. The laser power 

would need to be extremely high, and the surface quality severely decreases with the depth of 

engraving. In addition, it might be easier to align the corners if there are steps of 90° that interlock.  

The final design can be seen in Figure 10 left. One side is engraved as deep as possible after the 

groove pattern reaches the lowest point. In fact, we used a second engraving pass for these parts, 

after the dust of the first pass was blown away, taking care not to move it on the table, to prevent 

misalignments. The other side was changed to maintain the high position exactly as wide as the 

engraving of the other part was deep. After the two engraving steps, the ends were laser cut all the 

way through. 

To test the new design, a small remake of prototype 4 with 22x24 mm pin array size and 40mm 

height was built. After carefully washing and brushing the laser dust (remnants of burnt silicone) out 
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of the grooves, the pieces were cleaned with acetone to remove white powdery remnants of the 

production. The frame was glued with a special silicon glue (SIPRO Adhesive), and let it harden for 12 

hours. The frame worked very well and 431 pins were arranged, which can be moved very smoothly. 

This prototype serves well to explain and demonstrate the idea, as it has no outer metal frame but 

can be easily compressed with the fingers to fixate the pins. 

Figure 10: Left: Improved corner design of silicone frame. Right: Prototype 4. 431 pins, Ø 1.15mm, 
24×22mm, laser engraved silicone plates, glued together. 

 

6.2 Clamping Frame Design 

All previous prototypes were that small, that a single clamp per side worked well to fixate the pins, 

and the use of angle brackets helped to maintain a right angle. However, even at that small scale, a 

bit of bending of the metal frame was observed. More so, as the result of prototype 5 we decided to 

stop using angle brackets in favor of 4 individual plates. 

Therefore, for this larger prototype, we needed a way to control the pressure at several positions 

along the frame, to adjust for bending and to be able to maintain a right angle of the inner frame. 

The chosen design was to use a very rigid larger outer clamping frame and a number of adjustment 

screws along the frame that allows fine-grained control over the pressure force exerted on the relief 

frame. The large number of adjustment screws has the additional advantage, that even if the 

clamping frame does bend under the pressure, a totally flat inner frame can still be maintained. 
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For our prototype we used off-the-shelf angle brackets with 200mm side length, 40mm height, made 

from 4mm steel. Four of these brackets were arranged in a square, in a way that they overlapped 

over a large portion (170mm) to further strengthen the frame. They were bolted together with 4 

countersunk M6 bolts from the inside and fastened with respective nuts on the outside. 5 

equidistant M8 threaded holes were cut into the frame, the three inner through both walls of the 

brackets, the outer two through only one, with the outer most 190mm apart. 20 M8 hexagon bolts 

were fitted in the holes, working as adjustment screws on the inner frame, with easy access from the 

outside. 

Figure 11: Left: Assembled clamping frame of prototype 6. Right: One laser-engraved silicone frame 
plate attached to its metal plate with a double-sided adhesive tape at the center. 

 

The silicone plates for the inner frame were produced as outlined above. According to above 

measurements, the inner frame will have to expand and contract for up to 4mm between the fixed 

and clamped states. In order to allow this movement, four 200x60x2mm steel bars were only loosely 

mounted on them, with a single short double-sided adhesive tape at the center. This allows the 

silicon frame to glide and deform on the undeformable metal. The metal plates were 4mm shorter 

than the silicone plates, to allow sufficient compression until the metal plates meet at the corner. 

In order to aid the exact alignment of the silicone plates, a Styrofoam block of the exact inner 

measurements was cut and used as inner support during gluing. The clamping frame was used as 

support from the outside. This allowed to form a very exact silicon frame. 

In order to hinder excess glue from adhering to the inside, pins were inserted at the edge region, 

displacing the Styrofoam. After hardening, the clamping frame was removed, and the Styrofoam 

block carefully pulled out, which required some loosening of excess glue. The inserted pins were in 

part strongly glued into the grooves, and had to be removed using moderate force. Still, some excess 
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glue bonded to the inside grooves, and were hard to get out, since the silicone glue bonds very 

strongly to silicone. After a long time of rubbing with pins and finger nails, all of the excess glue could 

be removed, and the grooves kept mostly intact. Only some of the peaks were slightly damaged, 

which had no impact on the alignment. 

Figure 12: Gluing silicone frame. Top left: Aligned silicone plates over a Styrofoam block, clamped 
by the clamping frame. Top middle: Demolding after hardening. Block of Styrofoam is pushed out. 
Node the grooves imprinted on it. Top right: pins sticking to the silicone frame by excess glue. 
Bottom: Detail and top view of finished silicone frame. Note that most glue remnants could be 
removed. It is not glued to the metal bars over the whole length. Therefore, it may expand and 
contract, but is not stiff and bulges out. 

 

6.3 Pin Arrangement 

The silicone frame was very robust, and could be stretched, without loosening the glue. However, 

the frame was quite wobbly and less stable as with the previous prototypes, since the metal plates 

were only attached at the centers, and no angles were used. Using a few rubber bands around the 

outside of the metal plates, and supports on the left and right, the frame could be set up in an 

upright position, ready to be filled. 

In a first step, pins were carefully piled up as far as possible, then stuffed in, until the frame was 

slightly tightened. It could however not be completely filled, since it started to bulge at the sides 
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under the weight of the pins. It was turned flat, with the support of a wooden board at the bottom, 

the clamping frame fitted, and slightly tightened, until the sides were flat again.  

From that point on, arrangement of the pins was much more difficult, since we did not plan for the 

frame to stand upright, with the adjustment screws protruding in all directions. First tries to lift 

upright and working on the arrangement resulted in all pins falling out. After collection and refitting 

of the pins, work was performed more carefully.  

Unfortunately, large scale lattice defects occurred, and could no longer be resolved as with the other 

frames, since we did not try to lift it up again. As an alternative, we inserted horizontal paper strips 

after every third row of pins, with the hope of creating an ordered lattice. Several pins needed to be 

removed, since the paper strips required some space. On the one hand, the used 80g/m² paper has a 

thickness of approximately 0.1mm each. More severely, the small zig-zag of the pin rows is disturbed 

by the less flexible paper, resulting in larger gaps. With less pressure in the frame, it was not too hard 

to slide the paper strips one by one through the pins. Unfortunately, the separation into rows did not 

work perfectly, since the frame bulged again, and it was impossible, to maintain all rows with exactly 

3 pins height. Furthermore, the separated rows lost their interlocking and shifted against each other 

randomly, away from the hexagonal lattice.  

Figure 13: Left: Upright frame, inserting pins. Middle: Pins falling out. Right: Lattice defects after 
inserting. 

 

It seems, regulating rows alone is not enough, it needs regulation in the 2nd dimension (columns) as 

well. As there is a strong zig-zag at 90° at the hexagonal lattice, we decided to add paper strips at 60°. 

Using all 3 major directions is not necessary, since the space will already be separated into cells with 

2 directions. 

We replaced the row-paper strips with ones that are only around 5mm high, and started to add strips 

above the row-strips into the 60° direction, separating the space into parallelograms. Since 3 by 3 
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pins seemed too small, we added the column strips every 6 pins, creating 3 by 6 pin cells with 18 pins 

each, except at the borders which have truncated cells with alternating 2, 7, 11 and 16 pins. Sliding 

the strips in turned out to be more difficult than in the line case, since now the exact number of pins 

had to be in the resulting cell. Often the line was locally too wide or narrow, or the density of pins 

was different from line to line. In the end, the pins in most formed cells had to be counted and pins 

added or removed with pliers. This was too much work. 

Since we needed to count the pins in each cell any way, we resorted to another technique. First a 

number of pins were removed from the frame to lower the pin density or pressure. Next to the last 

inserted paper strip, a second paper strip was inserted. (Actually, we kept two parallel strips, and 

inserted a third between the two, which was even easier to accomplish.) Between the two strips a V-

shaped tool was inserted to widen the gap, and inside every cell exactly 18 pins were inserted. If the 

cell was too narrow, it was further widened with the use of a pencil.  After the completion of each 

column, and some careful shaking, the pins in the cells arranged themselves correctly, at least up 

until 2 or 3 columns from the current column, where the pressure situation was no longer affected 

by the unregularized chaotic part.  

Figure 14: Left: Inserting paper strips in lines. Middle: Paper strips in two directions, separating 
arrangement into cells of 6×3 pins. Right: Close-up of cells, with one cell emptied for clarity. 

 

After this long procedure, a perfect orthogonal array of cells was created, but yet with too few pins in 

total, since the paper strips occupied a considerable amount of space. We removed every second 

paper strip, and added more cells, repeating until no more strips were present. However, there was 

still not the number of pins present, the silicone frame was designed for. It appears, that there were 

still some measurement errors of the pin diameter, since the silicone frame without any significant 

clamping was already tight. We forced in almost all remaining pins, corrected some alignment errors 

that appeared, since the stabilizing strips were now missing. 
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Finally, the frame was filled with the full 31469 pins, the frame was designed for. 

Clamping was performed by repeatedly fastening the adjustment screws a little, alternating in a 

circular way. The inner screws require more turns as the outer, since the clamping frame bends 

notably under the pressure. 

Clamped with moderate force on the adjustment screws, the arrangement becomes very stable and 

hard. It has an almost wood-like feel. 

Although the pins have been cut to almost the same length, a slight variation was still present, 

making the surface a bit rough. The arrangement was too large for the available belt sander. A 

smaller handheld oscillating sander was used instead. It did not allow to sand the whole surface at 

once, but we managed to sand the surfaces almost planar, since they were already close enough. 

Surprisingly, a few pins (~100) have not been sanded but protruded a bit. Closer examination 

revealed, that these had a smaller diameter, and were pushed down during sanding, maintaining 

their original length. We replaced them, and a few broken pins, and sanded them again. 

Figure 15: Left: Finished arrangement. Note the roughness of the length variations in the cut pins. 
Middle: After sanding, some pins were not sanded and protruded. These had a too small diameter. 
Right: All such pins removed do be replaced. 

 

6.4 Experiments 

As already mentioned, the arrangement is extremely stable. Pins and frames weigh around 7 kg. Still, 

it could be balanced with the hand on the pins alone, without any pin displacement. It easily 

withstands knocking with the knuckles, and with the handle of a screwdriver.  



 

  22 

Figure 16: Prototype 6. 31469 pins, Ø 1.15mm, 193×191mm, laser cut silicone frame, metal plates, 
and clamping frame. Right: Demonstration of stability. Whole medium of about 7kg can be 
balanced on the pins alone. 

 

With the clamping frame carefully loosened, but with still a little force remaining, we placed it over a 

relief surface. Probably due to the above mentioned measurement error of the pins, the frame was 

still very tight. The pins could be pushed, but with quite some force required. In order make the pins 

go easier to cast the relief, we used compressed air. Blowing down the pin, obviously loosens the 

local neighborhood, and allows to push down the pin easier with the compressed air nozzle. For the 

fine details, we used embossing stamp pens, since the compressed air nozzle was too wide with 

around 5mm.  

Figure 17: Casting an existing relief [6] with prototype 6. 
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7 Further frame design studies 

As an outlook to future developments we did a number of design studies to improve the frame 

design, using different technologies. 

The first design is similar to prototype 6, using adjustment screws. It improves stability, in that it uses 

U-profiles instead of the bars, which are more resistant to bending. The screws are fully inside the 

outer U-profiles, and therefore, the frame can stand upright on any edge. In addition, the inner metal 

frame is guided by the outer metal frame. It can thus not shift up or downwards, and therefore 

increases the structural integrity. The frame is as high as the pins, allowing easy transport when flat, 

and reduces the risk of pin damage. However it is less suitable to casting existing reliefs, but perfectly 

suitable for a future relief printing device.  

Figure 18: Alternative frame design using screws as in prototype 6. 

 

The second design does not use adjustment screws but a single lashing strap. Therefore, a single 

lever should allow to fasten or loosen the arrangement much faster and easier than carefully 

adjusting a lot of screws. The lashing strap rests in a groove inside 4 corner elements, which may 

slide and compress the 4 metal bars. A gap is left to allow compression. The purpose of the oval 

shape is to better distribute the pressure along the edges, and not to concentrate it on the edge 

alone. 



 

  24 

Figure 19: Alternative frame design using a lashing strap. 

 

The third design does not need a metal inner frame, but uses only a flexible membrane attached to a 

pressurized tubing. By increasing or decreasing the pressure inside the tubing, by pneumatic or 

hydraulic means, the pressure around the pin array increases or decreases uniformly, as it is 

uniformly distributed inside the tubing. We believe, that this arrangement could be stable enough to 

hold the pins, as it should suffice to provide the appropriate interface pressure at every point of the 

frame. This would be a very simple design with very few parts, but could optimally adapt to many 

irregularities inside the pin matrix. However, the validity of this design has to be confirmed by 

experiment in the future. 

Figure 20: Alternative frame design using a pneumatic or hydraulic tubing. 
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8 Summary 

During the iterative design cycles, a total of 6 prototypes of increasing size and number of pins were 

produced, 5 of which are still existing. Details and comparisons between the prototypes and one 

example of the Pin Art toy can be found in Table 2. 

All values are in millimeter, when not explicitly specified in the header. “Frame” and “clamp” 

describes the composition of the inner frame, and the clamping mechanism. “Size in pins” is given in 

the notation a+b × c/d, where c and d are the pin counts in the linearly arranged rows, a and b are 

the respective counts of these rows. The number of pins (“# pins”) is computed by a*c+b*d. “h” is 

the height of the pins, “pin area size” the size in mm covered by the pin array, “frame size” the size 

and height of the inner frame, “clamp size” the size of the full arrangement. “Pin length” is the total 

length of all pins in the arrangement, and may be a measure for the expressiveness of the 

arrangement. “g/pin” and “g/m” are the total weight of the arrangement in grams per pin or per 

meter of total pin length, and may be a measure to compare the weight to expressiveness ratio. 

The comparison clearly shows, that the new medium surpasses the state of the art in several ways. 

Table 2: Comparison and key figures of the prototypes. For comparison also for one example of the 
Pin Art toy: PinPressions. Abbreviations: RB = rubber band, AB=angle brackets, SP = Silicone Plates, 
SF = Silicone Frame, MP = Metal Plates, CF = Clamping Frame. See text for explanation of entries. 

# Frame Clamp Pin ⌀ pins/cm² Size [pins] # Pins h pin area frame size clamp size weight pin length g/pin g/m

1 RB RB 1.75 37.7 hex 11×11 91 83 17×19 - - 25g 7.6m 0.27 3.31

2 AB, RB clamps 1.75 37.7 30+29×51/52 3038 50 89×88 95×92×40 250×220 1250g 151.9m 0.41 8.23

3 AB, RB - 1.15 87.3 n.a. ~5800 80 87×85 91×89×65 - n.a. 464.0m

4 SF finger 1.15 87.3 11+10×21/20 431 43 24×22 33×31×43 - 52g 18.5m 0.12 2.81

5 AB w/ SP, RB clamps 1.15 87.3 39+39×69/68 5343 70 79×79 93×93×65 280×280 1850g 374.0m 0.35 4.95

6 SF w/ MP, RB CF 1.15 87.3 95+94×167/166 31469 80 193×191 204×202×60 250×270 7000g 2517.5m 0.22 2.78

PinPressions - 3.27 10.8 19+18×46/45 1684 30 150×100 178×128×46 - 950g 50.5m 0.56 18.80  

Many questions could be answered: 

 The most important material property of the pins is weight. The material should be light 

enough, to allow a meaningfully sized frame, without being too heavy for handling. 

 Spaghetti noodles turned out to be a useful material, being very exact, hard, easy to acquire, 

low-cost and environmentally friendly, but especially the thin Capellini are a bit brittle. 

Further materials should be investigated in the future. 

 As optimal grid structure, a hexagonal grid was chosen, since it has the highest information 

density for pins with the same diameter. In addition, it has a 3-fold symmetry, giving 

smoother edges in most directions. 
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 During prototype development a good framing structure was developed, that suffices all 

requirements. Due to budgetary constraints these were built from off-the-shelf components. 

We did however further design work for 3 improved framing structures using customized 

parts, and 3 different ways to apply the force: screws, belt and pneumatics. 

 In order to trim the rods to the exactly same size, we developed a high-quality method using 

laser cutters and subsequent sanding on the finished object. 

 The final prototype surpasses all expectations. Very detailed reliefs can be realized, and a 

very stable arrangement can be achieved. With even moderate torque on the adjustment 

screws a high pressure and stability on the pins can be realized, similar to a solid block of e.g. 

wood. 

 A first informal test with prototypes 2 and 5 yielded already very positive feedback. The final 

testing will be performed in the upcoming user test. 

 The concept is very promising, and further work should be performed to further improve the 

frame, and to develop the printing mechanics. 
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