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Fig. 1. Our computation fabrication method for multi-touch sensing on general 3D surfaces. (Left) 3D models with grooves to accommodate the touch sensor
conductors and the internal pipes to connect the surface lines with the touch controller. (Center) Photo of the 3D printed prototypes equipped with the touch
sensor grid made of enamelled unipolar solid copper conductor. (Right) An example of touch interaction with two fingers with the relative positions computed

on the 3D model.

L » S WS Wg S S wwm W o8 x )
waw o sp »fl  m swp wr wr sur s s nS W
. x P S P SS NgWg S WW IR ST W W

S WS wg r S Sreaur X WSS W w S WS x ss
sur T row spr w 20 T » S WS x
o ol I I e W S WS rS  wax wp swr
S WsWrmg & XS W W I WS waw o » T m
%W BpU S X X WSW r Wmox x r s
SXgw ¥ SXr W W SP SS r gmrx s » s rs
e » »r e W o WS wg ws »
X s r ug o g &P ® T Ng S s m
swr MR Z R x o X XSX @qur X
S WS W W RURQ X Rpu/ W PN P RS kY X s
»rx xS x s suswg W swp fi »ow
uS rmg §r W ¥ rgw rex P w T r© w »
u o swus » Wz X w Rg sru wr s (swr &r S
u xS xsss G mp P wm g wm »wm@s wr ST su
wpy Ng Ps rgsPar x mpur r @ sww s r ® S «r
® W xS S r ™ W xRS WPAS  WW W WPH X WX »
S rx., mGman . jrgnS wm s W @suw s 1 W S rw™ wm x
H S x ™ ™ rm S WpHS W W wpH ¥ W ¥ » S rx. ®
Grwan P genwn gvnm@s wr ST  su wpu Ng
Ps
P rwass » 4 xrox s pr x s r rPrS ™ ¥
SST WA WS Sgr m o »r »sS TN W ¥ osx w
pr i or owamax nog W »sS 1 swm » o »
» firs » 8 Prg s r r px P W WS s r WS »ox
T ras s W wox/ w x(s)
c 4 prg wom ()
: 1/ 4/ T1
ws// xg/l 114 / 1

M OTR PP S)w s r s m sux »oow
s s " nS rwNg g ™ BSX WS
s p w »rwm »r »x aupp
X s noZ IR ] s au n
swap fi now us twg gr wmwswg Frwm aqu ms wg w
X rz Sen  au » ur » W S WS K
r frmmmp mrg mrsT s pr »Sss Pros W
X WS e w » 8 Sgnm s »osp
wr w Iwawa

S » ps «Computing methodologies — Shape analysis. - Human-

centered computing — Interaction devices

» s m Prss p % Sw
P SsSWg W ¥ sur

ACM Reference Format:
G wnp P m g sSPwr x mjyrgwmS m W

Swg g W™ ¥

P gv

4 » Twu Swswg nGnmrx Sur s ACM Trans. Graph.
4 4 x 1 (wu 4) mses ps// xg/l 114/ 1
1 INTRODUCTION
T =p noORw » % S WS wNg noo8 S
x n Wz »mor 4 S ™ ™ x S
» W S WSwWg S » WP W W »
fl.sur ssu s w sr ®s gr mg wWawWm  rwr
» A ORFLXS  MS X P®X W S S » rng &
S WS Ng W swr s » W S WSWg W WP
swx s ffrsm pss s © W x now i IR
X Ng S » RS R ™M mox »or S
x M W & XS W W ww W S WS wg
Tr ns Gr 4 4 r 1 Pu » Ju 4


HTTPS://ORCID.ORG/0000-0002-1032-2092
HTTPS://ORCID.ORG/0000-0001-5298-6797
HTTPS://ORCID.ORG/0000-0003-3493-8745
HTTPS://ORCID.ORG/0000-0002-2686-8567
https://orcid.org/0000-0002-1032-2092
https://orcid.org/0000-0001-5298-6797
https://orcid.org/0000-0003-3493-8745
https://orcid.org/0000-0002-2686-8567
https://doi.org/10.1145/3658185
https://doi.org/10.1145/3658185

103:2 « Palmaetal.

Receive Electrodes (Rx)

Transmit Crg S " Cee Receive
Electrode X A, Electrode
_,{ F
CTR
- G T Cro T Coo
L Transmit Electrodes (Tx)

Fig. 2. (Left) Mutual capacitance touch sensing principle. (Right) Mutual
capacitance sensor grid.
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2.1 Touch Sensing
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2.2 Quad Patch Decomposition
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2.3 Cable Routing in a 3D domain
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Fig. 3. Processing pipeline. Starting from a triangle mesh, we compute a proxy quad mesh, cluster the quads in a coarse quad patch layout, and pack this
layout in the sensing regions of the touch controllers. Then, we compute the final geometry of the prototype, generating the surface grooves to accommodate
the sensor conductors and internal pipes to connect these conductors with the controllers. The final step is the physical fabrication of the prototype.
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Fig. 4. Starting from the irregular vertices, the motorcycle graph algorithm computes a quad patch layout (Figures 4a and 4d blue: T-vertex, green:  g( ), red:

8( ), yellow: irregular border). As described in Section 5, we reduce the number of patches and the over-segmentation (Figure 4b and 4e). In the bottom
(Figure 4c and 4f), we show some not-optimal quad layouts generated by motorcycle tracing usingn = [ go/ ] particles for each irregular vertex; while
coarser than the plain motorcycle output, they present problematic issues (quad strips, single quad patches or a higher number of patches).
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ag = bg
a1 = bz
as = by
az = bg
a4 = bmax
a5 = bmax
a6 = bmax
ar =by
ag = bmax

Fig. 6. (Left) Example of patch decomposition by the motorcycle graph. The
figure shows the irregular vertices (v ...v ) and the T-vertices (v ...v ) with
the relative orthogonal weights b;. (Right) Tracing graph created by the
motorcycles. The figure shows the generated edges (e ...e ) with the relative
weight a;. The edges e, eq, e ,e ,e have multiplicity m; = , while edges
e,e,e,e havem; = 1.
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Fig. 9. Example of Split&Merge operations. (a) Symmetric Split&Merge of
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Clustering Packing

Fig. 10. Starting from the 31 patches obtained on the BuNNY model with
the method in Section 5.1, the algorithm in Section 5.2 creates ' clusters
and packs the clusters in  touch controllers with 21 Tx and 12 Rx.
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Fig. 12. Results for each input model through the various steps of the algorithm. From left to right: the input triangle mesh, the proxy quad mesh, the patch
decomposition of the quad mesh, the packing of the patch decomposition along with the corresponding sensor grid mesh, the internal pipes generated to
connect the sensors on the surface with the controllers, and the final mesh ready to be printed and sensorized.
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Table 1. Processing data for the tested model. For each model, the table includes: the number of triangles in the input mesh (Size Tri) and the number of
quads in its proxy geometry (Size Quad); the size of the bounding box in millimeters; statistics on the distances between adjacent intersections in the sensor
grid (mean, standard deviation, minimum, and maximum distance); the number of patches in the decomposition after Motorcycle Graph computation (M.G.),
ILP graph reduction (ILP), and patch geometric optimization (GOPT); the count of geometric optimizations, including Edge Swap (S), Merge (M), Asymmetric
Split&Merge (ASM), and Symmetric Split&Merge (SSM); the number of clusters; the count of used touch controllers after cluster packing with the relative
occupancy term; the number of internal pipes generated, reported as exit-pipes (Exit) and intra-pipes (Intra); and the meters of unipolar copper wires used to
sensorize the 3D printed prototype on the surface (Surf.) and in the internal pipes (Pipes).

Model Mesh size BBox size Intersection dist. N. Patches N.Geom. Opt.  N. Clusters Controllers N. Pipes Conductors
Tr / w mm p(o) [mmm | ¢/ P/G PT S/ / S /SS / up / mx  Sax /Ppsm
WX /4 1 x11 x 14 1 4 /) VWA ' / / 4 /1 14
WP o® 4 /4 Cox1ox ) 1] 1/ 4/ 1 1/ / / 4 / /1 /
2 14/ 4 1 x11 x 41 [ 1 4] 11 /4 / /4/1/1 1 4/ 171 /1
X C X1 X (14)[ 1] /1 VA 4 / / 4 /1
Se / 44 x1 x11 I ] 1 /41/ /1 / / VA
Seng 11 /44 1 x X1 1a1)[ 11] 4/ o / 4/
Sierg 11 /14 X4 . X 1 )41 ] 1/ VAV, 1/ /1 1 4/144
18 1/ 4 X X T4 ) [ 14 14] /] /] / 4 4/ /11

Table 2. Time processing data for the tested models. For each model, the
table includes the time needed for the mesh preparation in Section 4 (Prep.),
the patch decomposition and packing in Section 5 (Patch & Packing), the
generation of surface grooves and internal pipes in Section 6 (Grooves &
Pipes), and the time to compute boolean operations to create the final
printable model (Booleans).

Model Prep. Patch & Packing Grooves & Pipes Booleans
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8.2 Patch Decomposition and Packing Performance
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Fig. 13. Packing results using different quad meshes with increasing isom-
etry weight: (left) 0.01; (center) 0.1; (right) 0.2. The table below presents,
for each meshing, the number of quads, statistics on the distance between
adjacent Tx-Rx intersections (mean, standard deviation, minimum, and
maximum values), the count of used touch controllers with the relative
occupancy term, and the total number of internal pipes, also reported as
exit-pipes and intra-pipes. The table also includes results for the case with
an isometry weight of 0.3, as presented in Figure 12 and Table 1.
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Fig. 14. Packing results using different processing pipelines. From left to
right: MG+BINPACK; MG+PACK; MG+GOPT+PACK; MG+ILP+PACK. For
each test, the table below includes the number of patches before the packing
procedure, the number of touch controllers used after packing with the
relative occupancy term, and the total number of internal pipes reported as
exit and intra-pipes. The table also presents results for the complete pipeline
(MG+ILP+GOPT+PACK) as shown in Figure 12 and Table 1.

Fig. 15. The intersections on the green quads are the base points used to
measure the SNR on the CuBe and BUNNY prototypes. A complete overview
of all the measuring points is available in the supplemental materials.
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Table 3. Signal-to-noise ratio on the BunNY and CuBE prototypes under
different touch conditions: (Single) single touch, (2-touches Rx) 2 touches
with the second finger on the same Rx line, (2-touches Tx) 2 touches with
the second finger on the same Tx line, (3-touches) 3 touches with the second
and third fingers on the same Rx and Tx lines. The red text highlights tests
with an SNR below the threshold of 15. The light grey background indicates

tests requiring more than two trials due to SNR inconsistency.
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Fig. 16. The fixed paths (green lines) and points (yellow points) used to
test the spatial accuracy on the CuBE and BUNNY prototypes. A complete
overview of all the tested paths and points is available in the supplemental
materials.

8.4 Spatial Accuracy
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Table 4. Spatial accuracy error for the tests with the touch of a fixed point.
For each test case, the table reports the average error, the minimum and
the maximum error, the mean absolute deviation, the standard deviation,
the variance, and the RMS error in millimeters of the recorded touched
positions with respect to the ground truth.
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Fig. 17. Visual results of the spatial accuracy tests: (left) touch of a sin-
gle point with mean error 0.55mm (RMS 0.61); (right) touch during the
movement along a path with mean error 0.56mm (RMS 0.71). The colored
spheres show the touch points acquired during the five trials. Each trial has
a different color. The semi-transparent black geometry shows the ground
truth position of each test.



Table 5. Spatial accuracy error for the tests with the movement of the
finger along a path. For each test case, the table reports the average error,
the minimum and the maximum error, the mean absolute deviation, the
standard deviation, the variance, and the RMS error in millimeters of the
touched positions along the path with respect to the ground truth.
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