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Fig. 1: Dynamic skinning generates real-time oscillating behavior triggered by the skeletal motion, while automatically adapting to the
character rig. The method is fully customizable to model global oscillation along the shape (see giraffe example), localized effects in
some extremities (see clown example), or delayed deformation propagating along the skeleton (see train example).

Abstract—We present an extension to traditional rig skinning, like Linear Blend Skinning (LBS), to produce secondary motions that
exhibit the appearance of physical phenomena without need for simulation. At the core of the technique, we call dynamic skinning, is a
set of deformers which offset position of individual vertices as a function of position derivatives and time. Examples of such deformers
create effects such as oscillation in response to movement and the appearance of wave propagation, among others. Because the
technique computes offsets directly and does not solve physics equations, it is extremely fast to compute. It also boasts a high degree
of customizability which supports a desirable artist workflow and fine level of control. Finally, we showcase the technique in a number
of scenarios and make comparisons with the state of the art.

Index Terms—Animation, Skinning, Cartoon Effects, Real-Time

1 INTRODUCTION

Producing expressive 3D cartoon-like character animation plays a ma-
jor role in many animation productions and video games. However,
the process of generating and fine tuning these animations remains a
significant time-consuming task for production studios. An essential
element in crafting cartoon-like character animations lies in the ability
to capture the character’s liveliness through dynamic effects including
exaggeration and others, grounded in the principles of animation used
by animators for decades [30]. Traditional production studios predomi-
nantly rely on manual techniques to create such expressive character
animations. They employ carefully crafted rigs that are structured
around skeletal articulation and so-called deformers. These special-
ized rigging tools are integrated into the production pipeline, affording
artists a high degree of flexibility to convey their creative vision.

While physically based simulation can synthesize automatically rich
elastic-like deformation on arbitrary shapes, physics models remain
relatively slow and difficult to control in contrast. Integration for
physics remains orders of magnitude slower compared to procedural
deformers, and this can impede real-time interaction needs. Further,
the handling of such simulations breaks the traditional production
pipeline of iteration because the simulation must be computed as the
result of the initial conditions and physical parameters, via numerical
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integration which restricts the ability to make interactive adjustments,
and to control specific outputs at multiple points in the animation
timeline.

In this work, we introduce an approach for adding expressive time-
varying behavior to existing rigged character animation using directable
deformers which create distinct purposeful effects such as springlike
motion and time-delayed damping. Through parameterization we take
advantage of the rigged skeleton and its animation to provide context
and structure for the result. One exemplary deformer can generate an
oscillation behavior on an articulated character, replicating a damped
spring-like decay response similar to an elastic material. We also show
a delayed deformation that creates a wavelike propagation along the
skeleton of the character (Figure 1). In both cases, these deformers
are built from simple parametrized functionals with input from the
animation and its derivatives, along with a small set of straightforward
tuning values. We avoid demanding the artist to set unintuitive physical
parameters associated with a simulation, such as the Young’s modulus
of a physical material. Our approach leverages the pre-existing anima-
tion and skeleton skinning weights from the hierarchy of the rigged
surface which provides cohesive kinematics information. When the
skeleton is animated (with keyframes or simulation) the kinematics
describes at the joint level the local body motion of the character’s
articulated skeleton, i.e. the joint translation or rotation. With the
limb motions, dynamic skinning can be parameterized with position,
angles, and velocity information, among others, which in turn can be
used to drive our expressive deformers, which automatically blend and
propagate along the rigged skin of the character.

Designing global space-time procedural deformation representing
exaggerated elastic-like oscillations on an arbitrary 3D character is
a difficult problem in general. The key insight of our approach is to
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split the deformation representation as a spatial-related one and a time-
related one, while ensuring that deformation adapts automatically along
the character hierarchy. In this, Dynamic Skinning (DS) extends and
generalizes the previous Velocity Skinning (VS) [27] and Acceleration
Skinning (AS) methods [11], which achieve real-time spatial defor-
mation on top of Linear Blend Skinning (LBS). Beyond the previous
work, we generate a wider range of effects, including new time-based
deformers. Building upon the VS and AS frameworks, which address
spatial deformation only, we propose an extended formulation with a
comprehensive, time-dependent deformation using time-filtered joint
parameters. Unlike the previous VS/AS work which supported no os-
cillation effects, DS creates a more dynamic, time-varying deformation
effect for skeleton-based character animation.

Dynamic Skinning supports the following contributions. First, we
reformulate the VS/AS approaches, adding time-varying deformation
which was not supported previously. Second, we propose three general
types of deformers, achieving respectively, an oscillatory behavior
based on the joint velocity (Section 4), a time delayed oscillation
that accounts for the past joint velocities (Section 5.2), and a delayed
Linear Blend Skinning (dLBS) taking into account the past values
of the joint pose (Section 5.3). Note, no oscillation effects appeared
in previous work for AS/VS, greatly broadening the types of effects
possible over this previous work. Third, we introduce novel controls
to further customize deformer effects. We showcase typical use cases,
and comparisons of these effects in cartoon-like examples with state of
the art.

2 RELATED WORK

Much of the production animation created today for characters de-
pends on skinning, such as Linear Blend Skinning (LBS) [20], where
the surface geometry (skin) of the character is moved in relation to an
articulated skeleton. The dependence between the joints of the skeleton
and the vertices of the skin is defined by scalar skinning weights and
in combination with the skeleton and joints constitute the rig for char-
acter skinning. LBS is a straightforward implementation of skinning
where the deformation is computed as a linear combination of the joint
transforms. A large set of work in computer animation research has
improved upon LBS skinning techniques but LBS remains a common
tool in practice. As such, our general formulation for dynamic skinning
is derived for the basic LBS formulation, but there is nothing that pre-
vents the use of the proposed deformers to be applied to other methods,
such as the Dual Quaternion approach [13] or other popular skinning
techniques.

The described skinning techniques derive deformation of the charac-
ter skin statically from the skeletal pose. Aside from smooth skinning
between joints, this approach offers no deviation between the skin and
the skeleton to account for additional dynamic effects that may be desir-
able at the sub-bone level. To this end, physically-based simulation has
been used to represent so-called secondary actions on top of keyframe
motion. We distinguish three main approaches to compute secondary
motion. First, projection-based dynamics [22] and its extensions [5]
have been proposed to model muscle and soft tissue movement effects,
such as [15, 23, 29]. These can be tuned to exaggerate specific cartoon-
like effects [2, 7]. Second, layering techniques have been proposed
where distinct effects are handled as simple physical models, using
jiggling implicit surfaces [26], spring-driven bones [16], or custom vol-
ume effects such as squash and stretch [1]. Third, reduced deformable
models have been introduced [10, 33, 35] where precomputed shape
analysis allows for model reduction, and therefore sped-up computation
generating physically based response to primary motion.

2.1 Physical models

Recent techniques for producing simulation effects are still being
proposed as well, such as [4,34,36]. We contrast our work to CODY [4]
which treats the space of secondary effects as the orthogonal subspace
of the rig. This physically-based approach is able to model rich and
detailed dynamic exaggerated deformations, possibly with collision

handling, but CODY (and related work) has drawbacks. First, as phys-
ically based simulations, they are limited with respect to scale. Even
fast approaches, that can tolerate models with thousands of vertices,
cannot scale easily to a large number of elements in real-time –as may
be required for video games applications– or very detailed meshes of
several millions of vertices. In contrast, geometric methods (such as dy-
namic skinning) remain orders of magnitude faster. Second, simulation
requires integration computed from initial conditions. This integra-
tion imposes that secondary animation be fully simulated before being
viewed, which hampers the efficiency of the animator and limits the
possibility of navigating and editing details at arbitrary instances along
the animation timeline. As such, standard production pipelines [21, 25]
often favor procedural deformers that are independent of past state
when possible (more on this subject in Section 8). While several others
have proposed reduced order models to approximate the dynamics with
faster computation [3, 6, 9, 31], the speed of the simulation alone does
not offer greater control over output animation. In Barbič et al. [3], they
aim to offer control through keyframes of the core motion, the approach
and others related to it offer an indirect, non-linear relation between the
inputs and the secondary motion of the outcome. In contrast, in addition
to speed, dynamic skinning leads to more direct control over the output
secondary effects that can be controlled easily and interactively.

2.2 Geometric models

Other geometric and kinematics-based deformations have been pro-
posed to add toon-like effects for animation. Several techniques aim
to define shape deformations for expressive effects from manual in-
put [8, 14, 19, 28] while other procedural approaches are more auto-
matic, taking advantage of skeletal structure and kinematics. Noble and
Tang [24] introduce local bending parameterized by direction and ve-
locity between consecutive bones. Kwon and Lee [17] propose squash
and stretch deformation parameterized by root joint velocity, and a
drag effect on end-effector joints for a skinned character. Kwon and
Min [18] proposed to produce squash and stretch effects through bone
stretching. Still other cartoon effects have been generated using time
filtering [32] or oscillating splines [12] applied to vertex trajectories.
Recent related work [11] parallels these works in applying low-pass
time filters in order to control the effect-specific timing and magnitude
of effects relative to the instantaneous joint values of the skeleton.

In particular, the most similar to the “Dynamic Skinning” approach
proposed in this paper are [11, 27] that introduce “Velocity Skinning”
(VS) and “Acceleration Skinning” (AS), respectively. The VS tech-
nique defines local deformers for squash and stretch and drag based
on joint velocity and applies them as offsets to skinning positions.
Meanwhile, as the name implies, the AS approach uses acceleration
to add additional deformers such as followthrough to the set. Like the
work in this paper, these two previous works fit well within standard
animation pipelines by reusing the existing rig (i.e. original skeleton
and skinning weights) for ease in parameterization of deformation.
VS also introduces a closed form procedural deformation that can be
computed extremely efficiently for each vertex in parallel, similar to
basic skinning. Our approach follows these, but extends the direction
by generalizing the functional that influences the skinning, subsum-
ing the other techniques into a single general framework. In contrast,
in dynamic skinning, we can direct a time-evolving response, such
as a damped oscillation to create a spring and damper response or a
propagation effect that moves along with time. However, within our for-
mulation, VS and AS are both reachable within the dynamic skinning
framework, more on this in Section 7.1.
3 DYNAMIC SKINNING FORMULATION

We present the general formulation of Dynamic Skinning (DS) on a
rigged character. The core idea of DS is to separate the space-time de-
formation applied to the surface of the mesh along simple controllable
subparts: (c1) A spatial deformation parameterized by joint velocities
that are at the origin of the character’s motion; (c2) A spatial propa-
gation of the deformation along the skeleton hierarchy and mapped
to the surface, leveraging the existing rig; (c3) A dynamic time delay
evolution obtained using a time filter applied to the joint velocities.
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In the following, we first review in Sec. 3.1 the velocity formulation
for LBS expressed along the kinematic chain described by the hierarchy
of the joints. This local hierarchical formulation provides an explicit
relation between the velocity of the character’s surface and the joint
kinematic parameters that are at the origin of the joint transformations.
Secondly, we define in Sec. 3.2 our hierarchical space-time deformers
that take advantage of this parameterization to express the three levels
of control described by (c1), (c2), and (c3).

3.1 Hierarchy-based expression for LBS velocity
We formulate the expression of the vertex velocity in a LBS framework.
This reiterates the derivation initially introduced in VS [27]. We include
it here to provide a comprehensive formulation of the DS approach.

Let us consider a character’s surface defined by its mesh and associ-
ated animation skeleton that we assume to be represented as a single
hierarchical tree structure. We call I the set of vertex indices, and J
the set of joint indices of the skeleton. We denote a(j) the ancestor
(i.e. the parent) of the joint j ∈ J and we call A(j) the list of all the
ancestors of joint j, from the root joint up to j included. By convention,
we will consider that the root joint is at index 0, and its ancestor to be
the global frame.

In the case of the so-called rigid skinning (RS), a given vertex i ∈ I,
at initial position p0i ∈ R3 at rest pose, is rigidly bound to a single
joint j0 ∈ J . We call pi/j0 its absolute position after rigid skinning
deformation such that pi/j0 = Tj0 p

0
i , with Tj0 the rigid transform

associated to joint j0 expressed as a 4 × 4 matrix. An interesting
representation of such a deformation is to consider vertex i as being the
extremity of a kinematic chain defined by i and the set of joints A(j0).
As such, the net velocity of i, called ṗi/j0 ∈ R3, can be decomposed
along the hierarchy of the kinematic chain as

∀(i, j0) ∈ (I,J ) , ṗi/j0 =
∑

j∈A(j0)

vi/j , (1)

where vi/j is the velocity of i induced by the transformation of joint j.
Note that the velocity vi/j represents relative quantities with respect
to a given joint expressed in the global reference frame. As each
transformation associated to a single joint is a rigid transformation,
vi/j can therefore be decomposed into a linear and angular velocity
component such that

vi/j = Lj +Ωj × (pi − qj) . (2)

Lj is the linear velocity of joint j, and Ωj is its angular velocity. pi is
the current vertex position at index i, and qj is the position of the joint
j (see Fig. 2-left).

In Linear Blend Skinning (LBS), the deformation transforming the
vertex positions p0i is expressed as a linear blending of the intermediate
positions pi/j for varying values of j, or, in other words, can be inter-
preted as the linear blending of the previous kinematics chains. The
deformed position pLBS

i is thus

∀i ∈ I , pLBS
i =

∑
j∈J

αij pi/j , (3)

where αij ∈ [0, 1] are the LBS skinning weights, and satisfy the
barycentric property for each vertex

∑
j∈J αij = 1.

Differentiating this relation with respect to time and coupling it with
Eq. (1) leads to

∀i ∈ I , ṗLBS
i =

∑
j∈J

αij ṗi/j =
∑
j∈J

∑
jk∈A(j)

αij vi/jk . (4)

While this formulation seems to involve a double summation, several
local terms are summed multiple times when iterating over the hierar-
chy. Following the derivation described in VS [27], this relation can
be rewritten as a simple summation representing a hierarchy-based
expression for the LBS velocity

∀i ∈ I , ṗLBS
i =

∑
j∈J

βij vi/j , (5)

where the weights βij , that we call hierarchical weights, are a reformu-
lation of the skinning weights αij such that

βij =
∑

jk∈D(j)

αijk , (6)

where D(j) is the set of all descendant joints of j (including j itself),
see Appendix A for computational details. The hierarchical weights,
βij , are related to the skinning weights, αij , but have slightly different
interpretation. While the skinning weights represent the influence of
a given joint j over the global position of a vertex i, the hierarchical
weights describe how the local motion of the joint j influences the
vertex velocity. Like the skinning weights, βij ∈ [0, 1]. However, they
do not satisfy barycentric constraints and are less sparse.

We highlight that the formulation described by Eq. (5) directly de-
rives from standard LBS data but has several advantages. First, it
provides an explicit relation between the final velocity applied to a
vertex (i.e. ṗLBS

i ), and the contribution of each bone in the hierarchy
that triggers it (i.e. vi/j). Second, each contribution is automatically
weighted according to its placement in the hierarchy thanks to the
hierarchical weights, βij . Third, each weighted bone velocity is associ-
ated with rigid motion and can be decomposed into linear and angular
components as with Eq. (2), thus providing a precise description and pa-
rameterization of the motion associated with the bone-induced velocity
component.

3.2 Hierarchical Space-Time Deformers
3.2.1 Velocity and Acceleration Skinning Formulation
The main idea of the original Velocity Skinning (VS) approach [27] con-
sists of leveraging hierarchy-based LBS velocity estimation to compute
a per-vertex deformation on top of LBS as the linear sum of procedural
spatial deformers ψ, parameterized by the vertex and the influencing
joints, such as

pVS
i =

∑
j∈J

αij Tj p
0
i︸ ︷︷ ︸

pLBS
i

+
∑
j∈J

βij ψ(Ωj , qj , p
LBS
i )︸ ︷︷ ︸

deformer

, (7)

where pVS
i ∈ R3 is the VS deformed vertex position, and the procedu-

ral deformer ψ is associated with a generic effect, typically modeled
for translation, rotation, or scaling as a function of the joint angular
velocity Ωj , position qj , and current skinned vertex position pLBS

i . In
other words, the ψ deformer converts the joint kinematic values into
geometric deformations. Note, the VS formulation is limited to
instantaneous effects that directly map the current time’s joint velocity
to a deformation. Therefore, it relies on the joint velocity over time to
produce a time-varying result.

Acceleration Skinning (AS) [11] extended this model to allow fol-
lowthrough via the additional parameter from the joint acceleration Ω̇j .
This was enabled by the fact that Eq. (5) is valid for any higher-order
derivative in time, including the second-order one for acceleration.
However, AS is limited to animations with a single “reversal” effect
driven from the acceleration term. In particular, it does not produce
longer, sustained (e.g., oscillating) effects beyond this single rever-
sal. These limitations of VS and AS are relaxed by our proposed
time-varying advances.

3.2.2 Dynamic Skinning Formulation
We introduce the Dynamic Skinning (DS) formulation to be more gen-
eral and flexible than either VS or AS. Namely, our model integrates a
time dependence to the deformation, while keeping the existing formu-
lation for the spatial deformers ψ. To this end, we consider the velocity
data of the joints to be functions of time: Ωj : t → Ωj(t), where
t > 0 is the time variable, and interpret such kinematics data as an
input signal that can be modified via time-filters F , before being used
as parameter of the deformers. We propose the following expression
for the general DS formulation of space-time deformers:

pDS
i (t) = pLBS

i (t) +
∑
j∈J

βij ψ
(
F(Ωj , t), qj , p

LBS
i

)
, (8)
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Fig. 2: Left: A rotation applied to a cylinder using standard LBS along an
angular velocity Ωj at joint j. Right: Dynamic oscillation obtained using
a time filter F(Ωj , t).

where F(Ωj , t) ∈ R3 is the time-filtered value function of Ωj ex-
pressed at time t. Thus, the DS method applies a spatial deformation
on a modified time-filtered kinematic input described by the skeletal
motion. A representative comparison between VS and DS formulation
is characterized in Fig. 2. The new DS formulation provides simple
control over the introduced criteria (c1), (c2), and (c3). Subpart (c1)
representing the spatial deformation is encoded within the definition of
the procedural function ψ. Subpart (c2) is provided by the hierarchical
weights βij that derive from the pre-existing skinning weights. Finally,
subpart (c3) is expressed via the time filter F , described in more detail
in the next section.

In this paper, we specifically propose ψbend, a procedural (time-
varying) bending deformer. This deformer is a generalization of the
drag deformer originally introduced in VS [27]. This deformer, whose
magnitude is controlled by a user-defined parameter γbend, bends the
shape in the direction opposite to the angular velocity by applying a ro-
tation that increases with the distance to the joint center. We formulate
it as

ψbend(Ωj , qj , p
LBS
i ) =

(
Rbend(Ωj , p

LBS
i − qj

)
− I

)
(pLBS

i − qj) , (9)

where Rbend
(
Ωj , u

)
is a rotation matrix parameterized by its axis of

rotation defined as Ωj , and angle defined as −γbend ∥Ωj × u∥, u ∈ R3

is the vector between the point and the center of rotation, and I is
the identity matrix, so that ψbend is a displacement that vanishes when
Ωj = 0.

While we exclusively utilize the bend deformer in this paper, to
specifically target springlike response, there is no loss of generality
in the application of DS in other deformers from VS or AS. Further,
we contrast the bend deformer to that of the drag one from VS in that
bending does not act as an instantaneous drag response, but as a general
bending function that is capable of a spectrum of time-varying effects.
One key example is adding oscillation effects, described next.

4 MODELING DYNAMIC OSCILLATION EFFECTS

In this section, we present the general formulation for the time filter and
the use of the different kinematics parameters of the joints to achieve
dynamic oscillation compatible with secondary action effect. Defining
a time filter in general can be a hard problem; in our case, we propose
to consider F osc to be a linear causal filter on a limited time-window
W to remain efficient to compute and simple to define. We aim to
represent an oscillation effect that typically takes place after a sudden
change of velocity, while being smoothly damped when the velocity is
stopped or remains constant. We propose to design this behavior via the
definition of the response of the filter to a unit step function U(t), i.e.
an input signal in velocity such that U(t) = 0 for t < 0 and U(t) = 1
for t ≥ 0. Calling h(t) the response of the filter to this unit step, we
propose the following representation

h(t) = (1 + κ(t)) U(t) ,

with

 κ(0) = 0
κ(W ) ≃ 0
maxt |κ(t)| ≤ A

(10)

The value one enforces the filtered response to track the input signal,
while κ is a user-defined function that we call oscillating kernel, acts
as a temporary perturbation.

In the default case, we will consider a typical oscillation kernel to
be defined as

κ(t) = A exp(−t/τ) sin(2πf t) , (11)

representing an oscillation with a frequency f with a magnitude
bounded by A for t ≥ 0 which is exponentially damped with a charac-
teristic time τ . ConsideringW > 5τ for instance satisfies the condition
that κ(W ) is negligible.

The general expression of the filtered signal for an arbitrary time-
varying input Ωj and oscillation kernel can be computed as the convolu-
tion between the input angular velocity signal and the so-called impulse
response, which is the derivative (in the sense of the distribution) of its
response to a unit step. We note the impulse response ḣ, and we have

ḣ(t) = δ(t) + κ̇(t)U(t) , (12)

where δ(t) is the Dirac distribution. Then, the general expression of
the filtered signal can be written as

F osc(Ωj , t) = (ḣ ⋆ Ωj)(t)

= Ωj(t) +

∫ W

u=0

κ̇(u)Ωj(t− u) du .
(13)

where ⋆ is used to express the convolution, and κ̇ is the time derivative
of the oscillation kernel. Finally, an alternative formulation can be
obtained by applying an integration by parts to the integral, which
leads, as shown in Appendix B, to

F osc(Ωj , t) = Ωj(t) +

∫ W

u=0

κ(u) Ω̇j(t− u) du , (14)

where Ω̇j is the time derivative of the angular velocity, i.e. the angular
acceleration.

The main advantage of our formulation is its ability to handle a
user-defined oscillating kernel. The default kernel proposed in Eq. (11)
provides a simple way to control the notion of frequency, magnitude and
damping fully independently, and complements the spatial deformation
related to the bend effect whose magnitude is parameterized by γbend.
More generally, the function of the oscillation kernel can be fully tuned
with different representation to provide additional degrees of freedom,
or effects, as discussed in the results in Sec. 6.2.

Our numerical implementation of the convolution from Eq. (14) is
obtained from simple summation and finite difference. Assuming ∆t is
a constant time step, and calling the finite time t = i∆t, the numerical
filtered angular velocity is computed as

F(Ωj , i∆t) = Ωj(i∆t) +
j<W/∆t∑

j=0

κ(j∆t)
(
Ωj((i− j)∆t)− Ωj((i− j − 1)∆t)

)
.

(15)

Our approach contrasts with the more classical use of mass-spring-
damper system that is typically modeled by a second-order recurrent
relation. While such a system is numerically simpler to express, it offers
fewer degrees of freedom to the user. In particular, the frequency of the
oscillation in a mass-spring system is coupled with its damping, while
we propose a method able to tune these parameters fully independently.
Additionally, our approach does not suffer from stability concerns, as it
does not require iteration over previous values which ensures that the
results are unconditionally stable for any chosen parameters, even for
low damping values and high frequency.

In Appendix E, we provide a comprehensive pseudo-code of the
complete DS algorithm, emphasizing its computational simplicity: it
consists merely of basic loops over the vertices, joints, and past angular
velocities coupled with user-defined procedural functions, making it
fully compatible with GPU implementation.
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5 TIME DELAY FILTER

The oscillation effect we proposed in the previous section depends on
the current and past state of the angular velocity of the joints, however
every vertex of the mesh is influenced in parallel by the same time
values. In this section, we propose an additional time-filtering effect,
modeled as an explicit per-vertex time delay, able to represent a de-
formation propagating in time throughout the character similar to an
advancing wave. We propose the use of such time delay to generate two
additional effects. First, a time delayed oscillation, as a direct extension
of the previously introduced oscillation framework. Second, a delayed
Linear Blend Skinning (dLBS) that applies a time delay directly to the
skinning computation itself. We then show that the two effects can be
combined to generate a user-controlled deformation propagation along
the skeleton hierarchy.

5.1 Formulation of the delay filter
Let us first introduce the general time delay filter F delay as a pure delay
applied to an arbitrary time-varying signal x such that

F delay/i(x, t) = x(t− dij/c) , (16)

where dij is a representation of a distance between a vertex i and a
joint j, and c is the velocity of the propagation along the character.

To give an appearance of deformation propagation along the hierar-
chy of the character, we compute dij composed of two contributions.
First, the closest distance between the vertex i and its closest position
on its most influencing bone jmax such that jmax = argmaxj(αij).
Second, the distance along the skeleton itself up to the joint j, computed
as the cumulated lengths of the bones along the ascending hierarchy of
the skeleton up to j, assuming j ∈ A(jmax).

dij = ∥pi − pi⊥jm∥+ ∥pi⊥jm − qjmax∥

+

a(j′)=j∑
j′∈A(jmax)

∥qj′ − qa(j′)∥.
(17)

The decomposition of such distance is illustrated in Fig. 3, and all
distances between each vertex and joint can be precomputed in the
rest-pose of the character.

Fig. 3: dij from Eq. (17) is the distance between the vertex i and joint j
along the skeleton, corresponding to the length along the red arrows.

5.2 Effect: Delayed oscillation
The first effect we propose is to apply the time delay filter as an addi-
tional layer on top of the oscillation effect. To this end, we define the
global time filter F from Eq. (8) as the composition of the oscillation
and the delay filter as

F(Ωj , t) = F osc ◦ F delay/i(Ωj , t) . (18)

where F osc is the oscillation filter from Eq. (14). This results in an
oscillating bend effect that starts with a delay, and propagates along the
skeleton hierarchy with a speed c after the joint starts moving.

5.3 Effect: Delayed Linear Blend Skinning - dLBS
We propose a second effect related to the time delay filter by applying
it on top of the Linear Blend Skinning position computation itself,
extending this time the way we compute LBS, rather than the bend-like

Fig. 4: The toy train showcases the effect we call “delayed” Linear Blend
Skinning (dLBS) which propagates oscillation effects at the engine along
the skeleton rig to the caboose.

deformation as previously described. We then introduce a delayed LBS
(dLBS) as

pdLBS
i =

∑
j∈J

αij T
delay/i
j (t) p0i . (19)

T
delay/i
j (t) represents the global transformation applied to the vertex i

considering the delay applied to the hierarchy of the joints. The explicit
computation of this delayed transformation can be obtained by the
product of all local transforms T local

j′ for j′ ∈ A(j) as

T
delay/i
j (t) =

∏
j′∈A(j)

T local
j′

(
t− dij′

c

)
= T local

0

(
t− di0

c

)
· · · T local

a(j)

(
t−

dia(j)
c

)
T local
j

(
t− dij

c

)
(20)

Finally, a delayed deformation can be applied within our dynamic
skinning framework by replacing pLBS

i by pdLBS
i in Eq. (8). This enables

the representation of a delayed, and therefore apparently propagating,
skinning articulation (Figure 4).

The combination of the two effects of delayed oscillation and the
dLBS offers a more integrated appearance in the final animation where
both the oscillation and the skeletal effect reinforce the time propagation
along the skinned character.

6 CONTROLLABILITY

Basic controllability for DS is straightforward, for example for the
oscillation effect control is of the direct amplitude, damping and fre-
quency of the desired wiggle - which are all parameters that animators
understand well. Further, the effects can be layered over existing anima-
tions through the described straightforward tuning - which subsequently
results in expected augmentations to the input skeletal animation due
to the effect. In contrast, in comparable secondary effects that are
physically based, nonlinear response changes make tuning parameters
of material stiffness and damping less intuitive and unwieldy, espe-
cially when trying to generate complex or layered effects. Beyond
basic controls, here, we describe a number of helpful advanced control
capabilities for DS effects.

6.1 Weighted deformers
We explore two techniques for refining control of the influence for de-
formers through weights. A simple approach, as described in previous
work in velocity skinning, consists in setting the value γbend to be a
variable function of the vertex index, i.e. γbend

i for index i. Such vertex
weight painting can be used to give fine-grained control over where
the effect is visible. The benefit of this is that it gives an animator
full ability to tune an effect based on features that may be present in
the model but are not distinct in the skeleton. For example, the head
extrusions on the stylized character in Figure 5 have no bones but vertex
weighting can bring them to life with an oscillatory response when the
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Fig. 5: Frames from an example of artist-driven vertex weight painting
(inset) to add exaggerated effects on the extremities of the head of the
character.

head moves. Such per-vertex control can be seamlessly extended to the
parameters of the oscillating kernels, such as the magnitude A, damp-
ing τ , and frequency f from Eq. (11). Additionally, these parameters
can further have a dependence on the joint index, the original skinning
weights can smoothly transition these weights to derive a vertex-level
mapping of a deformer, this concept works well when the features that
an animator seeks to tune align with the skeletal bones. For example,
to make the influence vary along a limb, or other extremity. We used
variants of these two weighting techniques in the accompanying video
in results for the clown model, to animate the hat and arms for the
clown, respectively.

6.2 Oscillation kernels

We proposed in Eq. (11) the use of a simple oscillating kernel featuring
a sinusoid with a constant frequency. Beyond, our formulation can
handle different types of oscillation kernels as illustrated in Fig. 6 as
long as they satisfy the properties defined in Eq. (10), and can possibly
be provided either as parametric curves, or directly as a procedural
function that could be defined in a shader.

Fig. 6: Examples of custom oscillation kernels leading to various dynamic
oscillation effects.

Appendix C describes the details that build the kernels shown.

6.3 Deformation origin control

An additional customization to the dynamic skinning framework is the
ability to adjust the center of rotation associated to the deformation ψ
as well as its angular magnitude. In the default formulation proposed in
Eq. (9), the bend deformation is applied as a rotation centered around
the joint at the origin of the motion, i.e. joint associated with a non-zero
angular velocity. However, this behavior can be adjusted for artistic
purposes.

A typical application of this extension is to model shapes with a rigid
base and flexible extremities using the existing rig. The fundamental
idea is that when rotation occurs within the rigid section, the deforma-
tion of the flexible extremity is computed as if it originates from the
joint marking the beginning of the flexible section. Let us consider a
joint jmin be such a joint, and Ojmin the flexible origin operator such
that

Ojmin(j) =

{
jmin if jmin ∈ D(j) ,
j otherwise. (21)

Fig. 7: Comparison of standard bend effect (left) with isolated deformation
of the hat and hands (right) accomplished by changes in centers of
rotation. Namely, right uses local centers of rotation at the start of each
extremity (yellow dots). Top shows results from center rotation control.
Black circle highlights the effect on the near rigid head, while the yellow
circle shows the impact of the deformation on the hands. While both
effects may have merit in distinct cases, the right offers a new context
specific manner in which the artist may guide the outcome of the effect
based on the model’s features.

We consider the following bend deformer variation with customized
origin:

ψbend
s = Rbend

s (Ωj , p
LBS
i − qOjmin (j)

) (pLBS
i − qOjmin (j)

) . (22)

An illustration of the effects is shown in Fig. 7, where the clown model
is animated with a rotation applied on the joint at the base of its center-
body. Fig. 7 (left) shows the default effect where the whole model is
flexible, while the right shows the customized case where the main body
is rigid, while the extremities (each arm and the hat) are flexible. Each
extremity has its own rotation center (yellow dots) at the beginning of
their limbs. The effect accentuates the visual feedback of each flexible
extremity as if they were independent of each other.

This control can be seen as complementary to the weight painting
presented in Sec. 6.1. Weight painting allows a per-vertex control, but
requires the user to make sure that the weights are smoothly varying
across the model, and only acts at the level of the magnitude of the de-
formation. In contrast, this custom origin control relies on the skinning
rig and ensures a smooth transition between the rigid and the flexible
parts, but requires a skeleton in the targeted limbs. Furthermore, this
extension not only changes the magnitude of the deformation but also
the shape of the deformation itself by changing the center of the rotation
as can be seen in the figure.

7 RESULTS AND EXTENSIONS

We showcase a variety of results in the accompanying video that cap-
tures a snapshot of the effects that are possible with our approach.
Indeed, the scope of dynamic skinning is broad and we have not ex-
hausted the number of different ways the framework can be used. Here
we describe several ablations/experiments that highlight effects for: 1)
adding oscillation with comparisons of the effect’s parameters (am-
plitude, damping, etc.) and different kernels (Section 6.2); 2) dLBS
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that highlights how it impacts especially long chains of bones, such as
the train, in the accompanying video; 3) we show the combined effect
of the two; and 4) we highlight the impact of weighting parameters
and control techniques with various outcomes (Section 6.1). Further,
we make qualitative and quantitative comparisons between our own
and previous results. Note, all animations presented in the accompa-
nying video are obtained from real-time capture using either a CPU
implementation for the low resolution model, or a GPU implementation
computed in a single pass vertex shader.

We compare our technique to the recent work, CODY [4], which
offers a fast computation for secondary motion by physical simulation
of the complementary dynamics of the input (keyframe) motion. Quan-
titatively, their tool is very fast in terms of physical simulation, but
ours is significantly faster (see timing results below) because we do
not have to compute a physical simulation and our implementation can
exploit significant speed ups using a GPU. In fact, our implementation
is orders of magnitude faster than the state of the art.

Qualitatively, and as summarized in Appendix D, presenting an
overview of the user-defined parameters, we also believe our tool is
more amenable to artists’ needs as it is very straightforward to use,
with only a few intuitive parameters yielding an expected and high
quality result. In addition, it is very customizable, down to the vertex
level control through weight painting. In contrast, CODY enhances
the character motion with physical attributes automatically, but offers
less direct and less intuitive control over the outcome. As with other
physical simulation tools, the tuning of CODY results can be cum-
bersome, as it happens through specification of control for material
and physical properties as well as initial conditions, which impact the
resulting simulation. An accompanying video of a manta ray shows the
two techniques applied to the same base motion and model.

Table 1: This table highlights the relative computational cost (computation
time per frame normalized by the number of polygons) and the largest
size of models used in comparable state-of-the-art.

Timing/#polygon ↓ Model size (#polys) ↑
Ours 0.00003 ms/polygon 1.5M

Wu et al. [34] 0.004 ms/polygon 4.2K
CODY [4] 0.05 ms/polygon 0.3M

The timing results above compare the computational performance of
our work to CODY [4] and Wu et al. [34]. As a simulation tool, CODY
appears much slower than the others, while the approach of Wu and
colleagues is faster. Neither shares the range of model sizes we show
in our GPU implementation.

7.1 Acceleration skinning formulation
The method of Acceleration Skinning (AS) [11] was introduced to
extend the drag-like deformation to the notion of followthrough. The
method relies on utilizing the additional input of the angular accel-
eration Ω̇j , and uses it to separate the acceleration phase from the
deceleration phase. We show that DS provides a more global frame-
work in which similar effects can be replicated. In addition, due to the
formulation ours is more easily tuned over the original approach.

We propose to replicate AS in the proposed DS formulation by
extracting the angular acceleration as a simple resultant of a derivative
filter Ω̇j(t) = 1/(2∆t) (δ∆t − δ−∆t)⋆Ωj(t). Then, the deformation
ψ can be adapted to match the one proposed in AS, as{

ψAS = aψ(Ωj(t), qj , p
LBS
i ) + (1− a)ψ(Ω̇j(t), qj , p

LBS
i ) ,

a = clamped(Ω̇j(t) · Ωj(t),−1, 1).
(23)

where the first part corresponds to the drag effect during the acceleration
phase, and the second part is the followthrough effect applied during the
deceleration phase.More generally, representing the bend deformer for
oscillation using two main lobes (one positive, one negative), will also
allow for the modeling of the drag, and followthrough effect. Using

the oscillation kernels will further add the possibility to fine-tune the
function as explained in the previous section, and avoids the direct use
of the angular acceleration which can suffer from numerical instability.

7.2 Computational speedup
Eq. (14) provides a general way to compute an oscillating-like behavior
in response to an arbitrary input signal and can be computed efficiently
in a shader for real-time results. Still, the full computation of the
convolution requires, at each frame, the weighted sum over the previous
values of the angular velocity, and therefore remains more costly than a
direct computation of an instantaneous drag effect from VS [27].

We propose an efficient alternative approximation in the case where
the animation exhibits sudden impulse-like motions that do not require
such storage and weighted summation while still preserving the appear-
ance of the oscillation effect. To this end, we consider only the last
variation of angular velocity leading to the most significant contribution
to a single oscillation. We then compute our approximated signal as

F(Ωj , t) ≃ Ωj(t) + κ(t− t̂) Ω̇(t̂), (24)

where t̂ is the time of the maximal contribution updated at each frame
as

t̂ =

{
t if Ω(t) > e−(t−t̂)/τ Ω(t̂) ,
t̂ otherwise.

(25)

As shown in Fig. 8, the oscillation behaviors obtained in the case of
impulse-based motions with the full convolution and with our acceler-
ated version are very similar.

Fig. 8: Oscillations obtained on a step-like signal (blue curve) when using
the full convolution from Eq. (14) (green curve), and the accelerated
version from Eq. (24) (red dashed).

The key advantage of this approximation is to convert the full com-
putation of the convolution described in Eq. (15) requiring the weighted
summation over a few hundred samples (W/∆t) at each frame per joint,
to a single computation and comparison per joint. The computational
complexity of this acceleration is therefore the same as Velocity Skin-
ning. This approximation is particularly effective when the joint motion
is made of a succession of sudden impulses, but does not integrate the
full history of the past angular velocity if a more continuous motion
change is performed.

8 DISCUSSION AND CONCLUSION

An important benefit of dynamic skinning and related techniques is the
way in which the work dovetails with other efforts in production. Con-
trasting the efficiency driven efforts of producing real-time physically
plausible secondary motion using CODY/complementary dynamics [4],
our technology supports an artist-driven workflow by offering a small
set of intuitive and simply defined input handles by which an artist can
author effects of their liking. To this end, throughout the method, we
highlight the following four criteria that this method aims at preserving:
(a) an explicit and comprehensible parameterization of the effects com-
patible with art-directability; (b) handles for manually tuning effects
up to the vertex level; (c) preserving real-time computation in the order
of magnitude of plain LBS; (d) ensuring stability and predictability of
the resulting effect.

Consistent with extensive artist evaluation in our previous efforts [11,
27], dynamic skinning fits into the animation pipeline in a practical way.
Namely, after skeletal animation is generated (and fixed), secondary
motion can be added in a serial, controllable way to enhance the artist’s
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Fig. 9: Comparison with Complementary Dynamics (CODY). CODY
yields full body effects that are difficult to control because the simulated
results are tuned indirectly through physical parameters which do not
lead to intuitive changes in results. For example, the tail of the CODY
manta shown here moves on its own when the wings are tuned - with
a specific wavelike response in the tail that changes significantly with
whole-body damping and stiffness. In contrast, in our approach the tail’s
motion can be suppressed by vertex painting, while the wings move
smoothly based on intuitive amplitude guiding values in the deformer.
Likewise the tail can be built to have its own desired effect with the same
intuitive parameters if the artist wishes.

intended effect on a particular animation. In dynamic skinning, as
effect parameters for oscillation and time-delay propagation are set for
a given animation (e.g. scene or shot) they provide an excellent starting
point for subsequent animation effects, while intuitive tuning knobs
support the micro-adjustments each shot may need to fully realize an
artist’s vision. This workflow is a more direct approach for adding
secondary effects compared to the set and test efforts usually associated
with physically based secondary tools because the technique is very fast
and tuning parameters have a smooth, predictable response comparably.

Further, along with effects described by the velocity and acceleration
skinning work, dynamic skinning offers a range of deformations that
can be combined easily. Also, dynamic skinning supports ease of
use through tools including the application of vertex weight painting
that suppresses (or promotes) specific regions of the body, including
unique animation within specific bodies of a skeleton. Alternatively, we
showcase a more simplified version of this control that is separated by
body part and follows the LBS weights for smooth transitions between
body parts. Results include examples of this in the accompanying video.
Beyond velocity and acceleration skinning, dynamic skinning provides
hooks for generating more complex effects, like those of higher order
derivatives, approaching the expected time response of an object in a
physical setting. As such, we see dynamic skinning as the capstone of
the effort, giving an artist a fully featured tool for constructing physical
secondary responses from “primary” input motion.

In conclusion, in this paper, we present dynamic skinning as an
extension of velocity skinning and acceleration skinning, which allows
for time-dependent deformations based on joint kinematics. DS mod-
ifies the technique of Linear Blend Skinning (LBS) and extends the
skeleton-based animation that is commonly used by artists for rigged-
character animation and allows for “on the fly” adjustments of keyframe
animation changes giving artists the ability to fine-tune and easily con-
figure their animation while adding cartoon-like characteristics. DS
extends upon velocity skinning and acceleration skinning methods al-
lowing for the time dependent deformations based on a simple filtering
scheme to allow for the new time-dependent effects, for which we have
shown examples of such deformers: a primary oscillation effect, de-

layed oscillation, and delayed LBS, as well as acceleration/deceleration
asymmetrical behavior. Future work could involve defining custom
implementation of time filters allowing for greater potential for other
deformations allowing for custom kernels, and new ways to combine
two or more deformers. The method is able to be implemented on GPU
to handle bigger vertex count on massive meshes.
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APPENDIX A COMPUTING THE HIERARCHICAL WEIGHTS

Algorithm 1 describes a simple way to compute the hierarchical weights
βij from the skinning weights αij .

Algorithm 1 Computing hierarchical weights βij

for i ∈ I do
Initialize ∀j ∈ J , βij = 0
for j0 such that αij0 > 0 do

βij0 = αij0

j = j0
while j > 0 do

βia(j) = βij + αia(j)

j = a(j)
end while

end for
end for

APPENDIX B INTEGRATION BY PARTS OF EQ. (14)

We show that∫ W

u=0

κ̇(u)Ωj(t− u) du =

∫ W

u=0

κ(u) Ω̇j(t− u) du

Integrating by parts the left-hand side leads to∫ W

u=0

κ̇(u)Ωj(t− u) du =
[
κ(u)Ωj(t− u)

]W
0︸ ︷︷ ︸

≃0

−
∫ W

0

κ(u)(−Ω̇j(t− u)) du .

The first term is negligible as we assume κ(0) = 0, and κ(W ) ≃ 0,
which leads to the desired result.

APPENDIX C KERNEL ALTERNATIVES

We describe in the following three examples of possible custom proce-
dural oscillation kernels κ1, κ2, and κ3 illustrated in Fig. 6.

First, we can represent a time-varying frequency by considering

κ1(t) = sin (2π (f0 + fst) t) ,

where f0 represents the initial frequency and fs is the slope of a lin-
ear frequency increase. This kernel models a vibration featuring low
frequency at the start of the motion (i.e. large magnitude), and higher
frequency at its end (i.e. low magnitude). The effect of this mimics an
object’s response to disturbance which damps out but appears to do so
with faster and smaller oscillations.

Second, we consider a kernel representing oscillation with long-
lasting maxima mimicking the type of vibration observed on a pendu-
lum with large amplitude. We formulate this effect by considering the
first harmonics of a trapezoid as

κ2(t) =
1

1+1/9+1/25
(sin(2πft) + sin(6πft)/9− sin(10πft)/25) .

Third, we consider the extreme case of a triangular response which
conveys a sense of a more artificial, mechanical-like oscillation. In
such a case, we set

κ3(t) = triangle(f, t),

where triangle(f, t) is the triangle function of frequency f between
[−1, 1].

APPENDIX D USER-DEFINED PARAMETERS

We describe in this appendix the parameters and the default values that
can be used to tune the results.

D.1 Input data
We first present in Table 2 the input data attached to the rigged model
that represents the spatial extent of the deformation associated with the
joints.

Table 2: Input data associated with the model

Parameter Role Value
αij Skinning weights User defined (rig)
βij Hierarchical weights Eq. (6)

D.2 DS default parameters
Table 3 presents the default parameters of the DS model. All these
parameters can be modified straightforwardly by the user in order to
adapt the general deformation and oscillation effects. We assume a
model to be of unit size (1 m) for size-related parameter values.

D.3 Advanced fine-tuning
Finally, the DS deformation can be fine-tuned with the following possi-
bilities:

• Adding a per-vertex and/or per-joint dependence to the parameters
γbend
ij , Aij , τij , fij , see Sec. 6.1.
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Table 3: Standard DS parameters, their roles, and typical values.

Parameter Role Typical value

Bend effect ψbend, see Sec. 3.2.1
γbend Bending magnitude 1

Oscillation kernel κ, see Sec. 4
A Oscillation magnitude 0.3

τ Oscillation damping 1 (s)
f Oscillation frequency 1.5 (Hz)
W Convolution time window 5 τ(s)

Time delay, see Sec. 5.1
c Wave propagation speed 1 (m/s)

– A per-vertex dependence, that can be manually painted,
allows fine-tuning the deformation beyond the level of pre-
cision of the rig.

– A per-joint dependence allows for treating each joint-related
deformation separately and relying on the smoothness and
expressivity of the skinning weights.

• Setting a varying deformation origin via the flexible origin oper-
ator Ojmin , allowing the representation of the effect of a flexible
limb attached to a more rigid body part, see Sec. 6.3.

APPENDIX E PSEUDO CODE FOR DS COMPUTATION

We describe in Algorithm 2 the pseudo-code corresponding to the DS
skinning deformation, including the use of the procedural oscillation
effect and bend deformer.

Algorithm 2 Computing Dynamic Skinning deformation

1: # Oscillation effect
2: function κ(t)
3: return A exp (−t/τ) sin(2πft) ▷ Eq.(11)
4: # Or any alternative kernel function as in Appendix C.
5: end function

6: # Bend deformer
7: function ψbend(Ω, u)
8: axis = Ω/∥Ω∥, angle = −γbend ∥Ω× u∥
9: build R =Rotation(axis,angle)

10: return (R− I) u ▷ Eq.(9)
11: end function

12: ∀i ∈ I,∀j ∈ J , Initialize βij ▷ Appendix A
13: Initialize ∀j ∈ J , LΩj = [ ] # Stored angular velocity
14: # Main animation loop
15: for m = 0; while true do
16: Initialize ∀j ∈ J, LΩj [m] = Ωj

17: ∀i ∈ I, pLBS
i = LBS(pi) # Linear Blend Skinning

18: for all i ∈ I do
19: Initialize DSdeform = 0
20: for all j ∈ J do
21: # Numerical convolution
22: Ωfiltered = LΩj [m]

23: for n = 0; while n < W/∆t do
24: ∆Ωj = LΩj [m−n] − LΩj [m−n−1]

25: Ωfiltered += κ(n∆t) ∆Ωj ▷ Eq.(15)
26: n = n+ 1
27: end for
28: # DS deformation for joint j at vertex i
29: DSdeform += βij ψ

bend(Ωfiltered, p
LBS
i − qj)

30: end for
31: pLBS

i = pLBS
i + DSdeform ▷ Eq.(8)

32: end for
33: m = m+ 1
34: end for
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