














fore well-suited for common joints found in hips and spines. For

elbow, knee, or shoulder joints, however, they are unfit. Because it
is unclear how to estimate joint types, ranges, and
the hinges’ rotation axes from the character’s skin,
we give the user the option to specify them. Because
general ranges are not rotation-invariant w.r.t. angle-
axis (6, n), we disambiguate by introducing a right-
handed, orthogonal joint frame [a, n, f] whose for-
ward axis T (red arrow on the left) is aligned with
the direction where 6 is zero. Note how axis a (in

blue) falls together with our hinge’s rotation axis.

User-Intervention: This frame is uniquely defined by our esti-
mated joint locations, up to the axis’ a rotation angle w.r.t. the
joint’s orientation that we let the user choose. Ranges can then be
specified by direction-dependent opening angles ¢(6) for our ball-
and-sockets, and forward (vyy) and backward (v,) swing angles for
our hinges (see Fig. 8 left).
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Figure 8: Joint Ranges: (top) Range constraints for our ball-and-
sockets may reduce open cylinder area As (green) of radius v° and
height s. The “unrolled” cylinder area (see graph in the lower
right) is reduced by the area under f(0) that overlaps with range
[0,s]. Value f at a 6 (brown point) is given by the intersection of
line through joint center ¢ and slope tan(a 4 ¢(0)) ' , with the
infinite cylinder of radius v° (see upper right, note that cos o =
;hu ). (bottom) Forward and backward constraints for our hinges
may reduce critical area Ay by A® each, as illustrated with a swing
angle ~yy that leads to a combined angle o 4 vy larger than 90
(with cosa = %).

Range Constraints: These range constraints may reduce critical
areas of our joint designs as illustrated in Fig. 8 right. For our
hinges (bottom row), a swing angle that is — when combined with «
—larger than 90 , reduces section A3 by an amount A% This reduc-
tion can be expressed in closed form, parametrized by the hinge’s
set of parameters. To incorporate the range constraint ¢(6) into our
ball-and-socket design (top row in Fig. 8), we reduce the cylindric
area A, with circumference 2% (r° = r — d) by

z

2m
min (s, max (0, £(0))) 6r°d0, (6)
0
with cylinder height s = v/r2 — r%2and f(0) = h — m.

A similar derivation leads to a reduction of area A; in cases where
the sum of the maximal opening angle and « is larger than 90 .

Note that we recompute these critical areas with their reductions
in each iteration of our joint optimizations, and that our max-min

formulations balance these areas up to equality as long as the con-
straints allow it. Infeasible designs, such as a socket that cannot
hold its ball, are caught by our feasibility constraints. Without user-
intervention, we can automatically generate articulated models with
spherical default joints with constant, global constraint ¢(6) = S.
Our geometric formulations, however, are only approximate models
for joint strength and optimality w.r.t. structural strength is not guar-
anteed. Nevertheless, we avoid weak joints by maximizing their
minimal critical cross-section and rejecting them if this section has
a value below the global threshold Apin. Also, while our two basic
joint types lead to output models with sufficient DOFs, our recipe of
identifying critical sections and maximizing their minima is general
and applies to other joint designs also.

5.3 Fabricating Posable Joints with Friction

From the joints’ blue prints (see Fig. 7 and 8 left) together with
device-dependent manufacturing, user-provided range, and esti-
mated joint parameters, we then generate an implicit CSG repre-
sentation of the volume (in green in Fig. 9) that we have to remove
from fabrication mesh F to introduce a joint at its estimated loca-
tion. We call this volume joint hull. After polygonizing these hulls,
we carve them out of F with mesh-boolean difference operations
(see Fig. 9 right), resulting in fabricatable output models with de-
sired kinematics. These models, however, are unlikely to retain a
pose once placed into it, and are more like a printed “rag doll.” To
overcome this limitation, we fabricate small bump spheres of radius
3 onto the positive joint parts similar to [Grey 1999; Wai 2006]. To
prevent fusion of movable parts during manufacturing, we extent
their ideas by subtracting spheres with same centers but extended
radius 1, 4 d from the negative joint parts also, as illustrated in the
top, right corner in Fig. 9. This additional friction mechanism re-
sults in posable joints with continuous position control. While these
friction bumps could potentially stick out of F after joint carving,
we did not observe such cases when estimating our demonstration
models. To guarantee embeddedness, we could reduce radii rmax by
T or, alternatively, invert the bumps and add them to the negative
joint parts instead.

5.4 Avoiding Joint-Joint Collisions

As of now, we can successfully turn simple skins into posable out-
put models, consisting of a set of jointed, rigid pieces that we can
print assembled. For sophisticated input skins, however, estimated
joint locations are often in close proximity to one another, and, as
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Figure 9: Frictional Joint Designs based on adding small cali-
brated bumps. (top) Ball-and-socket joint hull with friction bumps
on the ball part and (bottom) hinge joint hull with bumps on the
toroidal part. Printed articulated models can then retain their pose.
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aforementioned and illustrated in Fig. 2 right, corresponding joint
hulls are likely to collide when we maximize the individual joints’
sizes. Such overlaps may lead to broken joints, as a closer look at
an example of two colliding hulls unveils: if, e.g., a hull volume of
one joint contains the part of another spherical joint’s socket that
prevents its corresponding ball from popping out, we get two dis-
assembled pieces in our output. Hence, we resolve such joint-joint
collisions before carving their hulls out of the fabrication mesh F.

In a first naive approach, we could simply remove individual joints,
until there are no further hull collisions left. However, while this
strategy guarantees functioning joints in our output models, it is
not optimal, because we would reject far more of the “fabricatable”
input articulation than necessary. A second approach would act di-
rectly on what causes the collisions in the first place: the proximity
between estimated joint locations. By moving these locations, we
could “fit” more joints in . However, because we set the joints’
rotation centers to these locations, this second strategy would sig-
nificantly change the semantics encoded in our input articulation (if
locations were moved away from their corresponding transitions).
In the following, we describe our collision resolution procedure that
tries to keep as much of the input articulation as possible while
avoiding weak joints and keeping their rotation centers fixed. See
Fig. 10 and the accompanying video for illustrations.
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Figure 10: Resolving Collisions: Colliding joints are shown in red,
non-colliding joints in green. For top (a-d) and bottom row (e-h),
we have joint hulls on top, corresponding collision graph, and stack
in the middle and at the bottom. (a) Initial collision groups for a
full character, (b) group split after a resolution, (c) completion of
a collision group, and (d) final set of non-colliding joint hulls that
we then carve out of F. (e) Initial collision group for a character’s
tail, (f) a joint gets infeasible (Amin too small), (g) exclusion of a
Jjoint, (h) updated joint hulls and collisions after a group reset.

To initialize our resolution process, we proceed as described in
§ 5.1, 5.2, and 5.3. We compute the radius rmax of the maximum

inscribed sphere, then optimize a parametric joint model consistent
with any user-specified ranges at each estimated location, resulting
in a set of joint hulls. Next, we compute all pairwise collisions be-
tween these hulls that we inflate by half the distance d, to guarantee
a minimal offset between individual joints also. (Note that when
we speak of collisions in the following we refer to collisions be-
tween such inflated joint hulls). To coordinate further processing,
we then abstract joint hulls with nodes and pairwise collisions with
undirected edges of what we call a collision graph. Thereafter, we
extract all connected components of this graph with orders larger
than one, and push this collision groups onto a collision stack. Re-
fer to Fig. 10 (a), where we use the notation C} to uniquely identify
each group ¢ at time step ¢ of our resolution.

As long as there are groups on this stack, we pop the topmost and
repeatedly reduce the radius rmax for the joint with largest mini-
mal cross section, as it is currently the strongest within this group.
We then reestimate its optimal parameters, and check for collisions

with its updated joint hull. We stop when either a collision (or sev-
eral) got resolved a joint gets infeasible (e.g., a joint’s minimal
= critical area gets smaller than Apn), or a joint

hull is colliding with a hull outside of its col-

lision group. While such outside collisions
‘ are rare in practice, it is crucial to check for

them, as the example of three spherical joint
hulls in the inset figure on the left illustrates. When we reduce the
size of the “strongest” of the upper pair of colliding joints, we in-
troduce a second collision with a “node” outside of that group.

If collisions got resolved, we are either done (no more collisions
within this group) and continue (see Fig. 10 (c)), or split the col-
lision group into subgroups, if necessary, and push those onto the
stack. See Fig. 10 (b) for an illustration, where we use sz’ ; to de-
note the subgroup j with previous group correspondence history
. If no split is required (single group), we simply push back C?,
without the resolved “edges” and “nodes”. However, if a joint be-
comes infeasible or a member collides with a joint outside of its col-
lision group, this group is unresolvable without excluding a joint.
(Note that while we could add outside collisions to groups or merge
groups of the involved members, such “additions” or “merges” may
lead to cyclic behavior in our resolution process. Hence, we exclude
a joint instead thereby guaranteeing convergence.) We observe that
a good candidate for exclusion is given by the member of the cur-
rent group that was “weakest” after initialization (smallest Amin).
While this heuristic leads to pleasing output models in practice,
this to-be-excluded joint could also be chosen by the user. After
an exclusion, we pop all descendants of the original collision group
(all groups that have first index k in their correspondence history,
if k is the original group’s index after initialization), and push the
original collision group (k) with reset radii max and without the ex-
cluded joint back onto the stack. Such a reset is necessary because
an exclusion of a joint might make previous reductions of joint sizes
unnecessary.

Note that our collision resolution process performs evenly well on
any other parametric joint designs (other than our hinges and ball-
and-sockets from § 5.2) as our collision handling is evaluated on
arbitrary hulls, with the only requirement that the joints have to
have a single rotation center. Because joints can only get smaller
and we exclude a joint if a member gets infeasible or collides with
an outside joint, our collision process converges.

6 Results

We have created and printed a total of six models based on
five skinned characters generated by the SPORE Content Cre-
ator (“Grumpy” in Fig. 1, “Chicks” and “Dinofrog” in Fig. 11,



“Cristal Frog® and “Lippy” in Fig. 12), and a realistic human
hand model that we rigged and skinned in Maya (see Fig. 13).
Our five SPORE examples include diffuse and normal maps,
and joints were carved out of their colored fabrication meshes,
whose geometric detail we computed by inverting normal map-
ping [Nehab et al. 2005] This inversion leads to significant
quality improvements in F,
hence, also in our printouts,
as illustrated on the right with
a comparison of input and re-
constructed geometry for our
“Grumpy” character. All of
our articulated output models
were printed with an Objet
Connex 500 printer that has a
resolutlon of 600 DPI on the horizontal x and y axis, and 1600 DPI
on the vertical z axis. We used three of Objet’s hard, plastic-like
materials called “VeroBlack™ (“Lippy” and “Cristalfrog”), “Vero-
Clear” (“Grumpy,” “Chicks,” and “Dinofrog”), and “ABS-like dig-
ital material” (hand model). While “VeroClear” is transparent and
the embedded joints, therefore, visible, the ABS-like material is the
structurally strongest (e.g., LEGO is made out of ABS). Objet’s
support material is gel-like and can be removed with a water-jet.

To identify the minimal offset d to ensure jointed parts to be mov-
able, and the critical area threshold Amin to avoid weak mechani-
cal joints, we estimated hinges and ball-and-sockets for a single-
transition cylinder (see Fig. 9 right) with varying radius and for
different offsets d, and then printed them with the three printer ma-
terials: beyond offsets of 0.3 mm, parts started fusing and the sup-
port material could not be water-jetted or “broken out” any longer,
and joints with minimal critical areas smaller than 10 mm? for “Ve-
roClear” and “VeroBlack”, and 3 mm? for the ABS-like material,
started to get brittle. With a similar empirical experiment, we iden-
tified a friction bump radius r, of 0.7 mm. Note that this bump
radius is larger than the minimal distance d.

Prior to our articulation estimation, we scaled our input to target
sizes (in direction normal to the ground plane shown in gray in
Fig. 1, 11, 12, 13) of our output models: 150 mm for “Grumpy”
and our hand model, 85 mm for “Chicks,” and 100 mm for “Lippy,”
“Dinofrog,” and “Cristalfrog”. To filter degenerate transitions, we
used factors f € [3.5,4.0]. Generally, very little user-intervention
is needed. E.g., for “Grumpy,” the user-intervention was restricted
to switching 10 joints to hinge type and specitying three angles each
(forward and backward swing angles, and rotation angle around
the joint’s estimated orientation axis). In addition, we specified
spherical range constraints for three neck joints (with again, three
user-specified angles each, because we use elliptical opening an-
gles ¢(0) = ¢q sin b + ¢y, cos H). All other joints are defaults with
global, rotation-invariant range /3 of a few degrees. With our unopti-
mized implementation that uses an implicit, extended, regular-grid-
based marching cubes approach, it takes approximately 5.5 hours
to process “Grumpy,” which is still a fraction of the needed manu-
facturing time of 18 hours. The time required for processing highly
depends on the number of collisions that have to be resolved prior
to joint carving. While our SPORE examples had many collisions
to resolve, our hand model only had a single collision between two
neighboring knuckle joints (overall processing time under 10 min).

7 Conclusions and Discussion

We have devised a method to generate fabricatable characters from
skinned input meshes, e.g., suitable for personalized posable toys.
While we are able to generate characters with spherical default
joints fully automatically, we allow users to specify joint types and
ranges for joints where defaults are not as natural. Note that input

Figure 11: “Chicks” and “Dinofrog”

Figure 13: “Hand”



skins have transitions where joints are expected, because transitions
between joint influences are naturally at places where the model’s
geometry bends the most during animations. However, while we
could always have the user remove unwanted transitions and corre-
sponding joints if there are too many, our system is not able to es-
timate joints where there is no input data. In the future, we expect
that our method and its successors will enable a fully “automatic
3D print button” for characters.

There are several remaining challenges. Current 3D printers intro-
duce many limitations on what we can print. Although our system
fully supports colored characters, we were not able to print posable
articulated output models in full color. Furthermore, while we avoid
weak joints by optimizing parameters of our geometric approximate
models of joint strength, our hinge and ball-and-socket designs are
not modeling structural strength to a level of accuracy where our
system could be fed with a set of measured material parameters to
estimate structurally optimal joints. As aforementioned, our input
skins could also include fine geometric detail with cross sections
smaller than Apin, or even parts that are completely disconnected
from the model’s main body, or overlap in the character’s rest pose.
This would require to either significantly changing the input ge-
ometry (locally inflate geometry, adding artificial connectors, etc.)
or rejecting those parts completely. Also, our articulated outputs
can be understood as first order, piecewise linear approximate re-
productions of the virtual input articulation. Complete piecewise
continuous reproductions that include a deformable skin, are left as
future work.
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