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Abstract The foot-to-ground contact model plays an
important role in the simulation of highly dynamic motions,
such as turns and kicks. In this paper,we propose amethod for
solving dynamically cumbersome slipping contact problems,
which are frequently observed in highly dynamic motions.
We employ and modify a combination of two different types
of cones representing the inequality constraints of a contact
model: the friction cone and the velocity cone. The friction
cone makes character animation physically plausible while
the velocity cone allows a character to perform a sharp turn
without foot-to-ground penetration. Our system effectively
simulates human behavior using an inverted pendulum on
a cart (IPC) model and motion capture data. In the pre-
processing step, we analyze motion capture data to extract
meaningful information for the IPC model. At run-time, our
systemproduces a physically simulated character by tracking
the desired motion that is predicted by the IPC model. We
formulate humanmotion control as a quadratic programming
satisfying the proposed foot-to-ground contact constraints.
Our examples show that the proposed system can produce
physically plausible character animation without noticeable
foot-to-ground contact artifacts.
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1 Introduction

Animated characters are a crucial component of computer
games, animated feature films, and virtual reality. With
advances in character animation systems, their appearance
has become more realistic. However, foot-to-ground con-
tact issues such as foot-sticking, sliding and penetration
of the feet into the ground still remain major visible arti-
facts in many 3D applications. Several static and kinematic
methods [12,17,20] have been proposed to fix such foot
sliding problems. Kinematic-based approaches are efficient
and reliable for resolving foot-sliding, but they cannot accu-
rately model the intrinsic physical complexity of dynamic
foot-to-ground contact. Recently, physical-based animation
systems are becoming increasingly popular because they
hold promise for emergent adaptation to changes in envi-
ronmental and user inputs. Existing physics-based methods,
however, usually generate an unnatural foot motion without
proper rotation owing to the absence of well-defined foot-to-
ground contact models for highly dynamic motions.

In this paper, we focus on the dynamic foot-to-ground
contact frequently observed in highly dynamic motions such
as sports and dancing. For example, during a performance,
a dancer may plant one foot on the ground while rotat-
ing it on a vertical axis for a few seconds. To address the
dynamically cumbersome foot-to-ground contact problems
observed in sharp foot turns, we jointly utilize the friction
cone and the velocity cone. The friction cone makes anima-
tion physically plausible while the velocity cone allows the
character to perform a sharp foot turn without foot-to-ground
penetration. We also provide an efficient optimization-based
human motion control framework while satisfying the foot-
to-ground contact constraints. Our controller is built based
on the controlling of an inverted pendulum on a cart (IPC).
The inverted pendulum model is a simplified physical model
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generated using motion capture data and closely produces
the reference human motion using a forward-dynamics sim-
ulator. With this pendulum model, physically valid character
animation is reconstructed by tracking the desired human
motion.

A forward-dynamics simulation step is formulated as a
quadratic programming (QP). The reason why we utilize the
QP-based optimization framework is because of its robust-
ness, effectiveness, and computational efficiency.We impose
the two types of linear constraints, which originate from
the friction and velocity cone. We consider another set of
linear constraints derived from the Newton–Euler equation,
which ensure that character animation is governed by the
laws of physics. We define the objective function as min-
imizing the difference between the desired motion that is
predicted from the pendulummodel and the actual motion to
be simulated. The simulated motion is obtained by integrat-
ing the acceleration obtained from a QP solver in an online
manner.

To generate highly believable character motion, we com-
pare the results from four different foot contact models using
two reference motions: sharp turns and kicks. Based on the
experiments, we determine the optimal location and shape of
the velocity cones to achieve accurate sharp foot turns along
a vertical axis while maintaining ground contact. Our results
show that the proposed system can produce physically plau-
sible character animation while satisfying the defined foot
constraints without introducing visible foot-to-ground con-
tact artifacts.

2 Related work

For the past several decades, physics-based locomotion
control has been a challenging problem in the field of com-
puter graphics and robotics. In recent years, optimization-
based motion control has become an attractive strategy to
improve stability and robustness. Many optimization-based
approaches [1,23,26,27,33] have designed to accurately
address the dynamics of character, and compute joint torques
and contact forces through minimizing the defined objec-
tive function while satisfying all physical constraints. As
optimization-based approaches compute all joint torques
at once, they often achieve more robustness when com-
pared with proportional derivative (PD) servo-based walking
controllers [10,13,18,21,31,34]. In addition, optimization-
based methods can handle higher levels of dynamic con-
straints to human motion to formulate physically complex
problems such as controlling cartwheels and back-flips. In
this sense, our human motion controller is built upon an
optimization-based scheme to generate more flexible and
physically plausible human locomotion in various scenar-
ios. We would like to refer readers to Geijtenbeek et al.’s

study [11] for a comprehensive overview on physics-based
locomotion control.

Tracking the reference motion capture data are advanta-
geous for reproducing believable human motion [8,14,18,
21,22,27,30,31,34]. Such data-driven approaches can gen-
erate high-quality and natural styles of characters because
motion capture data contain abundant details and nuances
of original human motion. Our controller is built on a refer-
ence tracking algorithm proposed by Kwon and Hogins [18],
which optimized an IPC based on example data to produce
reference footstep trajectories. This control algorithm has
been employed by a few different researchers. Lee et al. [22]
presented a robust, many muscle-actuated biped locomotion
controller using online QP. Hwang et al. [14] proposed a
controller for synthesizing two animated characters while
maintaining physical interactions. Similarly, our controller
is a combination of the IPC model for motion planning and
QP for per-frame tracking optimization. The main differ-
ence from previous QP-based methods is that we are able
to produce dynamic sharp turns, as we demonstrate in the
experimental results section.

Handling foot-to-ground contact is a well-known, impor-
tant, and challenging problem in the fields of character
animation, robotics, and video games. In particular, resolv-
ing foot sliding is a major problem for character animation
that has been studied by several researchers [12,17,20]. They
addressed this problem by utilizing inverse kinematics (IK).
Although these methods have shown convincing results for
resolving foot-sliding, few of the suggested methods can be
applied to dynamic foot contact problems involving rapid
rotational foot slipping. In terms of physics-based simula-
tions, the penalty method has been widely used in many 3D
applications to address the foot-to-ground contact problem.
This method applies a normal directional force to prevent
penetration of the foot into the ground. While the penalty
method is simple and fast, occasionally feet are jittered. The
foot-to-ground contact problem also can be formulated as a
linear complementarity problem (LCP). The LCP formula-
tion by Baraff et al. [2–6] is commonly composed of three
types of constraints: a friction cone, a velocity cone and an
additional complementarity constraint. To maintain foot-to-
ground contact, either the normal velocity or the contact force
should have a zero value at the contact position. The open
dynamics engine (ODE) [28] provides the LCP formulation
for handling a contact problem. While this formulation is
numerically robust, it may fail tomaintain balance in the case
of dynamic and complex foot-to-ground contact.An impulse-
based simulation was proposed by Mirtich et al. [24,25]
to handle contact problems in a different way. The main
idea of the impulse-based simulation is that each rigid body
is treated independently. The contact collision is resolved
by applying impulsive contact force to the contact objects.
The impulse-based methods are used in dynamics engines
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Bullet [7]. Although our foot-to-ground contact model is
physically compromised compared to the aforementioned
LCP and impulse-based approaches, our system can generate
a physically plausible sharp foot turn and robustly simulate
human behavior in an efficient manner thanks to the QP-
based per-frame optimization.

3 Overview

Our goal is to control human locomotion while satisfying
the pre-defined foot constraints without visible artifacts in a
realistic and robust manner. As shown in Fig. 1, our system
consists of two stages: motion pre-processing and synthesis.
The first stage is building an IPCmodel to follow the center of
mass (COM) of reference humanmotion. The parameters for
the IPC model are computed by an optimization process. In
the second stage, we synthesize physically plausible human
motion online. Our system estimates a desired IPC trajectory
in a short time period, and generates a new reference motion
by modifying human motion capture data using the IK. We
then produce a full-body character animation that maintains
balance during dynamically cumbersome foot contact by
tracking the given desired humanmotion.We design the foot-
to-ground contact model to handle the sharp foot turns that
frequently occur in highly dynamic motions. Our foot-to-
ground contact model consists of friction and velocity cone
that are partially related to previous successful approaches
based on the laws of Coulomb friction [1,19,22,30]. In the
context of the geometric structure, the velocity cone is similar
to the friction cone, but their roles are different. The friction
cone is used for physically plausible foot-to-ground contact.

Fig. 1 Overall workflow of our system

The velocity cone allows a character to perform a sharp foot
turn while preventing foot-to-ground penetration. At run-
time, the defined foot-to-ground contact model is integrated
into the QP-based optimization process for motion synthesis.
Our foot-to-ground contactmodel is efficient, robust, and fast
enough to reproduce physically valid human motion without
any foot-to-ground contact artifacts.

4 Motion pre-processing

In this section, we describe the character and IPC model
and a method for generating natural human motion without
loss of balance. In the off-line stage, we analyze motion cap-
ture data to extract meaningful information such as the COM
and joint positions. From the obtained information, we build
the IPC model for online human motion planning. The IPC
model continuously predicts the trajectory of human motion
in multiple future footsteps. In addition, we employ a linear
quadratic regulator (LQR) to maintain balance under various
types of scenarios.

4.1 Character and IPC model

The character model in our system consists of 46 degrees of
freedom (DOFs) including six unactuated DOFs within the
pelvis. We use a 1-DOF hinge joint for each ankle and knee.
The lower back and neck have 2-DOFs. We use 3-DOFs for
the remaining joints. We acquire the mass and inertia matrix
for each bone from a surfacemeshwith uniformly distributed
density and the totalmass of the charactermodel. The surface
mesh is manually embedded into a character to fit the motion
capture marker positions as close as possible. The IPCmodel
has been widely used in dynamics and control theory [15,32]
because its balancing strategy is simple and computationally
efficient. Similar to the previous method [18], we employ the
IPC model and modify it to maintain the balance of the char-
acter in real-time. We design the IPC as a rigid body with
two-dimensional translation to move in the horizontal direc-
tion and one rotation to swing in the opposite direction from
which balance is lost. The IPC model is embedded into the
motion capture data such that the trajectory of the COM of
the IPC closely approaches that of the COM of the charac-
ter. While maintaining the balance of the pendulum, the IPC
model generates a new pendulum trajectory. Our system then
continuously converts it into full-body posture in real-time.

4.2 Balance control

We design the dynamics for the balance of the IPC model by
employing an LQR model due to its simplicity and stability.
The LQR model can be represented as a time-varying linear
system, ṡ = As+Bu, where s is a state vector, u is a control
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input, andA andB are the closed-loopmatrices (see details in
Dorato et al.’s study [9]). In addition, we consider two LQR
models for various directions: facing and lateral directions
of the IPC model. The LQR model maintains the balance
of the pendulum by computing the differences between the
pendulum’s current velocity, ẋ, and the desired velocity, ˆ̇x,
according to the following equation:

u = −K(ẋ − ˆ̇x), (1)

where u denotes the control force, and K is the control gain
matrix of an LQR. In pre-processing, we obtain the desired
velocity, ˆ̇x, of the IPC by solving the optimization problem.
We minimize the difference between the COM of the char-
acter and that of the pendulum in the ground. The results of
the optimization are a set of desired velocities for the IPC
model, { ˆ̇x}, for all frames of the motion capture data. The
study by Kwon and Hodgins [18] provides the details of the
optimization process.

5 Constraints

To produce character animation that is physically natural, we
employ a set of constraints imposed by external forces on the
character. One of the main external forces on the character is
the ground reaction force. Theground reaction force,which is
not pulling, but rather pushing, is produced at foot-to-ground
contact positions. We model the ground reaction force using
the friction cone, which is based on the laws of Coulomb fric-
tion. Furthermore, handling dynamic foot-to-ground contact
is a crucial issue for simulation of human motion, because
such contact frequently occurs in turning, kicking, and other
types of the dynamic motions. To address this issue, we pro-
pose a new type of velocity cone and show that it allows
a character to perform a sharp foot turn while preserving
the foot-to-ground contact. In addition, the resulting charac-
ter motion is physically accurate in that the Newton–Euler
equation is exploited.

5.1 Friction cone

We avoid foot-to-ground penetration using the ground reac-
tion force that is exerted by the ground on the character’s
feet. The ground reaction forces fc can be modeled by the
Coulomb friction model, which states that the ground reac-
tion forces should exist inside the friction cones. We design
each friction cone as a k-sided pyramidal shape, which is
composed of a collection of normal basis vectors, as shown in
Fig. 2. The ground reaction forces should be directed upward
from the ground to prevent foot-to-ground penetration:

fc = L(µ)λ, λ ≥ 0, (2)

Fig. 2 Illustration of our foot-to-ground contact model. The foot-to-
ground contact is approximatelymodeled by two types of velocity cones
and k-sided pyramidal friction cone. The velocity cones that span 180◦
are aligned at the foot contact positions, while the k-sided velocity cones
exist at the toe and heel position. Each k-sided pyramidal friction and
velocity cone is defined as a collection of the k normal basis vectors

where L(µ) represents a matrix that contains a set of normal
basis vectors of the friction cones, µ denotes the friction
coefficient, and λ is a coefficient vector for the normal bases
vectors of the friction cones. The torques τ c can be obtained
by multiplying the transpose of the Jacobian JTc (q) of the
character pose q by the ground reaction forces fc as follows:

τ c = JTc (q)fc = JTc (q)L(µ)λ, λ ≥ 0. (3)

5.2 Velocity cone

The velocity cone is a well-known kinematic foot-to-ground
contactmodel in thefield of robotics and character animation.
Previous studies have designed the geometry structure of the
velocity cone to be analogous to that of the friction cone.
They also aligned the locations of the velocity cones with the
friction cones. The key property of the velocity cone is that
foot-sliding occurs when the foot velocity vector exists out-
side of the velocity cone. Many previous approaches sought
to restrict the direction of the foot velocity vector to bewithin
the cone to prevent visible foot-to-ground contact artifacts.
The concept of the proposed velocity cone in this paper is
similar to that of previous velocity cones. However, the loca-
tion, shape, and complexity of the velocity cones vary, and
ourwell-designedvelocity cone allows a character to perform
a sharp foot turn while maintaining contact between the foot
and the ground. To the best of our knowledge, allowing a
sharp foot turn while maintaining contact with the ground
via the concept of the velocity cone has not been explored in
previous studies.

There are three reasons that we employ and modify the
velocity cone model to solve the dynamically cumbersome
foot-to-ground contact problem. First, the motion quality
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does not vary with different types of motions under the same
velocity cone structure. The proposed velocity cone works
well even for various types of highly dynamic motions. Sec-
ond, the velocity cone can be simply formulated as a linear
constraint. We can then easily embed the linear constraints
into the QP-based optimization which achieves robustness
and computational efficiency. Finally, we can conveniently
adjust the range of foot-sliding by manipulating the direction
of the k normal basis vectors of the velocity cone. As all k
normal basis vectors of the velocity cone are perpendicular
with the ground, foot-sliding occurs gradually.

In highly dynamic motions, the main foot-to-ground con-
tacts at a sharp foot turn often take place close to the toe and
heel position. Foot-sliding also occurs around these posi-
tions. At the toe and heel position, we exploit the k-sided
pyramidal velocity cones that span less than 45◦ (see Fig. 2).
The overall role of the k-sided pyramidal velocity cones is
to allow foot rotation and maintain foot-to-ground contact.
We also employ several velocity cones that have an opening
angle of 180◦ around the toe and heel position to perform
foot-sliding. We model the foot-plate as a 2D grid shape, as
shown in Fig. 2, and uniformly sample the boundary points
of the 2D grid for velocity cones that span 180◦. The location
of the k-sided pyramidal velocity cone at the toe or heel is
defined by the centroid of convex hull, which is computed
from the boundary points of the 2D grid. We discard the
inner points of convex hull except the centroid points for the
k-sided pyramidal velocity cones.

The inner products between the normal basis vectors of the
velocity cones and global velocities at contact points arewrit-
ten as vc = VT Jc(q)q̇ ≥ 0, whereV is a matrix that contains
the normal basis vectors of the velocity cones and Jc(q)q̇ is a
vector of the global velocities at the foot-to-ground contacts.
By differentiating vc with respect to time, we can obtain the
equation below:

VT Jc(q)q̈ + VT J̇c(q)q̇ + V̇T Jc(q)q̇ ≥ lc, (4)

where q̈ is the joint acceleration vector, J̇c(q) is the differen-
tial of the Jacobian Jc(q), and lc is the lower boundary offset
vector. In addition, we limit joint acceleration to prevent
overextension of the knee and elbow joint. This condition
can be written as the linear inequality constraints with pre-
defined upper and lower boundary. We add these constraints
to our QP-based optimization framework.

5.3 Equations of motion

The character motion generated from our system should sat-
isfy the laws of physics. The Newton–Euler equations of
motion are written as

M(q)q̈ + C(q, q̇) + g(q) = τ i + τ c, (5)

where M(q) is the inertial matrix, C(q, q̇) represents the
centrifugal and Coriolis matrix, g(q) denotes gravitational
forces, and τ i is the internal torques applied at the joints.

6 Online motion synthesis

In this section, we describe a method for online motion
synthesis satisfying the constraints originating from the
foot-to-ground contact model. Our system enters a motion
planning step to produce the reference full-body postures
from multiple computed footsteps in a short time period.
The resulting character animation is produced by tracking
the desired motion at every frame. We formulate the overall
algorithm as QP-based optimization.

Motion Planning At run-time, the IPC model predicts the
future foot trajectories from estimation of the current pendu-
lum state. At each foot position on the trajectory, our system
solves the IK, as proposed in [17], for human lower body
motion such that the reference motion consistently follows
the newly computed footprints. However, the foot trajectories
may be much longer or shorter than the original trajectories.
To address this problem, we adjust the footprint frequency to
ensure that unnatural strides are prevented (see details in the
study by Kwon and Hodgins [18]).

Optimization We employ QP-based optimization to gener-
ate optimal joint accelerations, joint torques, and contact
forces by tracking the desired motion at each frame. The
QP-based optimization framework consists of an objective
function E (q̈,λ, τ i ) and a set of linear constraints obtained
from the equations of motion, friction, and velocity cones as
follows:

minimize
q̈,λ,τ i

E (q̈,λ, τ i ) (6a)

subject to Eq. (3), (4), and (5). (6b)

Specifically, the objective function E (q̈,λ, τ i ) includes
three energy terms:

E (q̈,λ, τ i ) = wt Et + wcEc +
∑

k

wk
e E

k
e , (7)

where wt , wc, and wk
e are the weight values for each energy

term and k ∈ {right foot, left foot, head}. The first energy
term Et in Eq. (7) measures the errors between the current
and the desired motion:

Et = ‖q̈ − q̈d‖2, (8)

where q̈ is all of the joint accelerations and the desired
accelerations q̈d is defined as follows:

q̈d = wp(qr − q) + wd(q̇r − q̇) + q̈r , (9)
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whereqr , q̇r , and q̈r are all of the reference joint angles, angu-
lar velocities, and angular accelerations, respectively. In our
experiments, the weight values are wp = 200 and wd = 30.
Here, Ec regularizes the contact forces to prevent overshoot-
ing of the forces from the ground, such that the resulting
character animation is able to be robustly controlled:

Ec = ‖λ‖2. (10)

To accurately follow the positions and angles of the end effec-
tors of the desiredmotion,we consider an end-effector energy
term Ek

e as follows:

Ek
e = ‖Jk(q)q̈ + J̇k(q)q̇ − p̈kd‖2, (11)

where p̈kd is the desired accelerations of the kth end effector,
Jk(q) denotes the Jacobian of the kth end effector, and k ∈
{right foot, left foot, head}.

7 Experimental results

We reproduced highly dynamic and natural motions using
our well-designed foot-to-ground contact model. Figures 4
and 5 depict our simulation results of the turning and kicking
motion example. The turning motion example consists of
walking motions that move forward, then rotation of the feet
with it planted on the ground. The kicking motion example
includes highly dynamicmotions such as kickingwith a sharp
foot turn motion.

We evaluated the strength and effectiveness of the pro-
posed foot-to-ground contact model in various experiments.
To find the most reliable foot-to-ground contact model, we
set up four cases of the foot-to-ground contact models with
varying ways of employing different combinations of veloc-
ity cone shapes and locations (see Fig. 3). Case 1 is a model
that enables sharp foot turns while Case 2 is a general veloc-
ity cone model, which has been widely used in previous
approaches. We also designed Case 3, which only has k-
sided pyramidal velocity cones at the toe and heel position.
In Case 4, several velocity cones that span 180◦ are located
around each heel and toe position, and the velocity cones at
the toe and heel position are absent.

In our experiments, the sharp foot turn motion reproduced
in Case 1 was the most similar and accurate compared with
the reference motion among the four foot-to-ground contact
models, as we expected (see accompanying video). In Case
2, we observed visible artifacts in foot-to-ground contact,
such as not allowing sharp foot turns and toeing off in the
ground. In Case 3, evenmore undesirable toeing off was seen
during a kicking motion. From the turning motion generated
in Case 3, we also observed artifacts such as the heels unit-
ing.With the foot-to-ground contact model in Case 4, human

Fig. 3 Illustration of four different cases of the foot-to-ground contact
models. We design four cases of velocity cones that combine k-sided
pyramidal velocity cones and velocity cones having an opening angle
of 180◦

motions were reconstructed with excessive foot-sliding and
unexpected rotations of the ankle joint because the veloc-
ity cones that have a role in maintaining the foot-to-ground
contacts at toe and heel position were nonexistent.

We quantitatively evaluated all foot-to-ground contact
models by measuring the difference in average error in all
joint positions and angles between the reference and simu-
lated turning motion. In Fig 6, the vertical axis depicts the
average error of the positions or angles of all joints while the
horizontal axis shows the frame number of the given motion.
We also measured the total average errors and their stan-
dard deviations over the test motion pertaining to all of the
foot-to-ground contact models (see Fig 6). The average error
and standard deviation of our foot-to-ground contact model
were smaller than all other test cases. The positional errors
were measured after aligning each pose by vertical rotation
using a point cloudmatching algorithm in the study byKovar
et al. [16].

8 Discussion

We have presented a new method for controlling human
motion with handling dynamic foot-to-ground contact. We
propose a novel foot-to-ground contact model by jointly uti-
lizing the friction and velocity cone and modifying the shape
of the velocity cone to introduce a sharp foot turn. We for-
mulate them as linear constraints and consider another set
of linear constraints, the equation of motion for obeying the
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Fig. 4 The first row depicts the screenshots of the reference motion. The second row represents the turning motion generated by our method

Fig. 5 The first row represents the screenshots of the reference motion. The second row shows the kicking motion reproduced by our method

law of physics. In the pre-processing step, we design the IPC
model for footprint generation and the LQRmodel for main-
taining the balance of the character. In the motion synthesis
step, our system generates the resulting character animation
by tracking the desired motion while satisfying the defined
linear constraints.

We compare our approach with previous methods per-
taining to five distinct categories for human motion control
as summarized in Table 1. The criteria consist of whether

the method utilizes motion capture data, whether the IPC
and LQR model are employed for human motion control,
whether the method is based on the QP-based optimization
framework,whether humanmotion is simulatedwith the fric-
tion and velocity cone, and whether a sharp foot turn can be
reproduced. The common criterion is the use of motion cap-
ture data, which enables the reproduction of plenty of details
and nuances of original human motion. The QP-based opti-
mization concept of a recent work [22] is similar to that of
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Fig. 6 Comparison of the accuracies of the four different cases of
foot-to-ground contact models. The reconstruction errors of the joint
positions and angles between the reference and simulated turning
motion were computed using the root mean square (RMS)

Table 1 Comparison with previous methods

(a) (b) (c) Ours

Data-driven approach Y Y Y Y

IPC / LQR model Y N Y Y

QP-based optimization N N Y Y

Friction / Velocity cone N N Y Y

Sharp foot turn N N N Y

(a) Kwon et al. [18], (b) Lee et al. [21], (c) Lee et al. [22]

ours, however, the purpose is different (i.e., simulating the
human musculoskeletal system vs. handling dynamic foot-
to-ground contact). The location, shape, and complexity of
the velocity cone are also different, such that we can gener-
ate sharp foot turn motions that were not achievable using
previous approaches [18,21,22].

Alternatively, we can consider redesigning the friction
cone instead of the velocity cone to simulate a sharp foot
turn. To do so, the rotational friction would be modeled by
only allowing a range proportional to the magnitude of con-
tact normal force. However, this cannot be represented using
linear constraints and some kind of decoupling is necessary,
which may be undesirable for achieving a reasonable solu-
tion.

Similar to the work [29], further investigation of dynamic
foot-to-ground contact could involve a system that evaluates
the perception of a sharp foot turn. We can easily conduct

various cases of experiments in a sense that the foot turning
motion ranges from non-rotating to rotating ankle by simple
adjustment of the shape of the velocity cone. To the extent of
our knowledge, perceptual evaluation of sharp foot turns has
not been previously explored, and we believe that this would
be an interesting direction for future research.
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with frictional contacts. In: Proceedings of the 2007 ACM
SIGGRAPH/Eurographics symposium on computer animation,
pp. 249–258, Eurographics Association (2007)

2. Baraff, D.: Analytical methods for dynamic simulation of non-
penetrating rigid bodies. ACMSIGGRAPHComput. Graph. 23(3),
223–232 (1989)

3. Baraff, D.: Issues in computing contact forces for non-penetrating
rigid bodies. Algorithmica 10(2–4), 292–352 (1993)

4. Baraff, D.: Fast contact force computation for nonpenetrating rigid
bodies. In: Proceedings of the 21st annual conference on computer
graphics and interactive techniques, pp. 23–34, ACM (1994)

5. Baraff, D.: Interactive simulation of solid rigid bodies. IEEE Com-
put. Graph. Appl. 15(3), 63–75 (1995)

6. Baraff, D.: Linear-time dynamics using lagrange multipliers. In:
Proceedings of the 23rd annual conference on computer graphics
and interactive techniques, pp. 137–146. ACM (1996)

7. Bullet: Bullet Physics Library (2013). http://bulletphysics.org/
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