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ABSTRACT
While advancements have made it easier to work with digital char-
acters, it remains di�cult to author animations that display the free
and highly expressive shape change that characterize hand-drawn
animation. We present a deformation method that combines skeletal
control and free shape change in a single framework, along with an
intuitive, sketch-based interface. By �nding attachment points be-
tween the mesh and skeleton, we enable con�gurable skeleton and
surface-based deformations, and avoid common skinning artifacts.
Use of sketch-based interfaces and graphics hardware make both
skeletal and mesh deformation simple to control and fast enough
for interactive use.
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1 INTRODUCTION
Skeleton-based deformation (skinning) methods typically make it
easier to control character rigs, but the types of deformations avail-
able are often limited by the rig. Surface-based deformation o�ers
more shape control, but lacks anatomical support. To address this,
we present an attachment-based character deformation (ABCD)
method designed to support free and easy shape change while still
maintaining the advantages of skeletal abstraction. In particular,
we wish to support shape change that may or may not be physically
correct, as the artist desires, but enhances the artist’s expressive
power. Our approach consists of: a new skinning representation
that addresses classic skinning artifacts while also allowing shape
changes to be encoded; a set of tools for controlling shape change;
and a sketch-based interface to make it intuitive to author skeleton
and surface deformations in a single framework. Employing GPU
acceleration, the approach is suitable for real-time use.
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2 DEFORMATION
Formally, for a vertex v , the attachment point av = p + tv (c − p) is
a position along the bone between parent and child joint positions
p and c parameterized by tv ∈ [0, 1]. Use of the tv is analogous to
the endpoint weights for stretchable and twistable bones, but in our
method, they e�ectively replace traditional skin weights [Jacobson
and Sorkine 2011]. The scale vector sv = v − av de�nes the vertex
relative to its attachment point. Computing the skinned attachment
point as a′v = p′+ tv (c ′−p′) incorporates changes in bone position
and scale. With this, the rigid skinned vertex position v ′ is found
as: v ′ = a′v + R(p)sv = a′v + s

′
v , where R(p) is the parent joint’s

rotation transform composed of angle pθ and axis p ®x .

Figure 1: Cross-section of the top half of a cylinder mesh
(blue) with one joint and two bones (black). Scale vectors
are green; attachment points are circled in red. Dotted lines
mark the joint’s in�uence size. A) bind pose, B) rigid defor-
mation, C) incremental rotation.

Vertices near joints are subject to additional rotation around
their attachment points to smooth away discontinuities from rigid
skinning. The bone’s joints, p and c , have user-set in�uence values
pi , ci ∈ [0, 1] that denote the range of vertices subject to incremen-
tal rotation as distance to the joint decreases. Because pi , ci , and tv
are parameterized by bone length, computing the incremental rota-
tion weight is straightforward: pw = max(0,min(1 − tv

pi , 1)), cw =
max(0,min( tv−ci1−ci , 1)).

Vertices can experience at most half of the joint’s rotation. If
vertices on the opposite side receive half of the rotation, but in
the opposite direction, the skinning result is smooth. Using an
angle-axis rotation matrix constructor Rot(θ , ®x), for each joint, the
potential incremental rotation matrices are ∆p = Rot(−pwpθ2 ,p ®x )
and ∆c = Rot( cw cθ2 , c ®x ). When pw = pc = 0, no incremental
rotation occurs. Users may choose to overlap in�uence regions
from the parent and child joints, in which a weighted average
rotation matrix is used. Otherwise, the non-zero weight determines
the �nal choice of incremental rotation matrix ∆. Using ∆, the result
of this stage is v ′′ = a′v + ∆s

′
v = a′v + s

′′
v .
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Figure 2: Adjusting scale vector length around joint bends.
The default joint deformation is shown in red with the ad-
justed result shown in teal. Extending the scale vector length
(dotted blue) to match its initial length (solid blue) for the �-
nal result (dotted green).

By default, this method only rotates sv . As a result, large bends
will generate a pointed tip artifact. This may be desirable or un-
wanted, depending on the application. The artifact can be elimi-
nated by changing the length of s ′′v based on the amount of bend
and proximity to the joint, as shown in Figure 2.

Representing vertices as v = av + sv for skinning allows us to
change the values of sv to enable surface-level deformations. Given
an edited vertex position ve , we can compute a new scale vector
sve = ve − av and use this instead of sv , encoding the surface
deformation into the skinning computation. We use the Laplacian
Surface Editing (LSE) and as-rigid-as-possible (ARAP) methods to
create deformations, but any surface-based technique is applica-
ble [Sorkine and Alexa 2007; Sorkine et al. 2004]. By interpolating
between di�erent sets of sve for a mesh region, we can also create
surface animations.

3 ATTACHMENT BINDING

Figure 3: Cross-section of attachment binding without
smoothing (left) and with (right).

ABCD produces better deformations when the attachment bind-
ing satis�es two requirements: minimize the distances between
vertices and bones, and preserve vertex adjacency. Projecting ver-
tices onto the nearest bone satis�es the �rst requirement, but also
creates large gaps between attachment points (see Figure 3). To
satisfy the second requirement, after the initial projection, we al-
ternately apply Laplacian smoothing to the attachment points and
reproject them onto the skeleton. This process is fast and e�ective,
but too many iterations can violate the �rst requirement.

4 INTERFACE
To support rapid exploration and simplicity, we use sketch-based
tools to drive deformations (see Figure 4). Skeleton posing involves
drawing a stroke to select joints and establish a baseline refer-
ence, then drawing a target stroke to approximate the desired pose.

This follows the line-of-action stroke mapping presented in dif-
ferential blending, but with more explicit user control over the
mapping [Öztireli et al. 2013].

Figure 4: Top: posing the character with input strokes. The
baselines (green) select joints and serve as references for
the target strokes (blue). Bottom: deferred rendering enables
real-time surface querying and surface drawing.

For surface deformations, we initially used a technique that
deforms regions based on input strokes outside the mesh border,
allowing the user to focus solely on shaping the silhouette [Zim-
mermann et al. 2007]. This is a powerful technique, but it is limited
to vertices that can be detected with image-based edge detection.
In our system, we permit the user to draw directly on the mesh
surface. We achieve this with deferred rendering techniques for
fast surface querying.

5 CONCLUSION
ABCD o�ers smooth skinning and native mesh deformation in
a uni�ed framework with great potential for creating expressive
animation in real-time, ranging from naturalistic to exaggerated
cartoon styles, with performance comparable to established meth-
ods. It performs quite well with or without bone stretch, twist,
length adjustment, or surface edits. Future work includes improve-
ments on skinning behavior in complex skeleton regions, more
sophisticated attachment binding, improved shape control between
skeleton and surface deformations, and scale vector dynamics to
support collision, bulge, and movement propagation.
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