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Abstract

In this paper, we investigate the impact of the deformable bodies on
the control algorithms for physically simulated characters. We hy-
pothesize that ignoring the effect of deformable bodies at the site of
contact negatively affects the control algorithms, leading to less ro-
bust and unnatural character motions. To verify the hypothesis, we
introduce a compact representation for an articulated character with
deformable soft tissue and develop a practical system to simulate
two-way coupling between rigid and deformable bodies in a robust
and ef cient manner. We then apply a few simple and widely used
control algorithms, such as pose-space tracking control, Cartesian-
space tracking control, and a biped controller (SIMBICON), to sim-
ulate a variety of behaviors for both full-body locomotion and hand
manipulation. We conduct a series of experiments to compare our
results with the motion generated by these algorithms on a char-
acter comprising only rigid bodies. The evaluation shows that the
character with soft contact can withstand larger perturbations in a
more noisy environment, as well as produce more realistic motion.

Figure 1: Various controllers for character animation can be im-
proved by simulating soft tissue deformation at the site of contact.
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tween the character and the environment. Collisions between rigid
bodies usually result in sporadic contact points and highly discon-
tinuous pressure distribution. Although a character consist of only
rigid bodies is ideal for ef ciently simulating human movement,
we postulate that the simpli ed rigid contact model inadvertently
increases the dif culty in controller design and results in unrealis-
tic motion.
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1 Introduction

o ) _ The primary contribution of this paper is to demonstrate that simple
One of the fundamental simpli cations that researchers in physics- conrol strategies coupled with the simulation of soft tissue defor-
based human motion synthesis make, is that motion is the productmation at the site of contact can achieve very robust and realistic
of an articulated rigid body system with actuated joints representing motion. We develop a practical system that allows us to simulate
bones and active skeletal muscles. On the surface this abstractlorh,\,o_\,\,ay coupling between rigid and deformable bodies in a robust
does capture the most fundamental aspects of the human muscuzpg ef cient manner. We then apply a few simple and widely used
loskeletal system. Utilizing this assumption, researchers have de-conro| algorithms, such as pose-space tracking control, Cartesian-
veloped several control algorithms that can synthesize movementgpace tracking control, and SIMBICON, to simulate a variety of
for various tasks like balance and walking. Although these con- poth full-body locomotion and hand manipulation. The resulting

trollers work well in their speci ¢ problem domain, they still cannot
achieve the same level of agility the human body displays.

In this paper we revisit the fundamental assumption that an articu-
lated rigid body system, by itself, captures the fundamental prop-

motions are compared with the motion generated by these algo-
rithms on a character comprising only of rigid bodies. These sim-
ple controllers demonstrate that the character with soft contacts can
withstand larger perturbations in a more noisy environment, with-
out the need of designing more sophisticated control algorithms.

erties that enable human-like motion. We focus on one aspect of
the motion that is not captured by this simpli ed model: the contact  gjmjating deformable bodies can be achieved in a few different
with the environment primarily occurs through the soft tissue. This ways and the design choice often has to balance the required accu-
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racy and performance. We hypothesize that the accuracy offered
by sophisticated but expensive methods, such as Finite Element
Method (FEM) is unnecessary for our application for two reasons.
First, unlike most previous work that simulates deformation of com-
plex volumetric meshes for aesthetic purpose, the primary goal of
our work is to produce deformation for more physically correct con-
tacts. Second, average human body deforms marginally due to the
support of bones. In particular, the deformation due to contacts is
typically small and localized. We take advantage of these proper-
ties to design a simple and accurate model that only computes the
surface of deformable bodies, rather than the entire volume.

To this end, we introduce a new representation for human skele-
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ton consist of an articulated rigid body system, in which each rigid al. [2003 introduced a framework for simulating skeleton-driven,
body is surrounded by a set of point masses representing the surelastically deformed characters. Their method used a coarse vol-
face of esh. Each point mass is attached to the rigid body as a umetric nite element mesh to represent the deformation of skin,
child link with three translational degrees of freedom (DOFs). The driven by the underlying skeleton motion. Their results highlighted
dynamics of bones and esh can be expressed in a uni ed man- large secondary motion due to inertia rather than the impact of col-
ner by Lagrangian equations of motion in the generalized coordi- lision. In addition, the skeletal motion was completely pre-scripted
nates. This compact representation allows usdftenor harden and the effect of skin movement did not affect the skeletal motion.
any part of esh at any time, by simply adding or removing the
translational DOFs of involved point masses, without switching dy-
namic regimes or introducing any instability. Based on this exible
representation, we develop an ef cient system where only the site
of collision needs to be simulated as deformable body while the rest
of the character remains rigid.

Our work is most relevant to two methods that consider two-way
coupling between the skin and skeleton. Kim and Poll2@illa
20111 described an ef cient coupled system using meshing em-
bedding with FEM. Their method leverages reduced deformable
models and linear-time algorithms for rigid body dynamics to
achieve real-time performance. The primary focus of their work
is to develop an interactive user interface to control skeleton-driven
2 Related Work deformable characters. In contrast, our work aims to investigate
the effect of deformable contact on robustness of the control algo-
Recent work in physics-based character animation explored a va-rithms. Therefore, we choose to implement a more accurate LCP
riety of approaches to develop more robust virtual characters in a contact model instead of the penalty-based contact model used in
dynamically changing environment. Despite the differences in con- their work. The computational cost of LCP motivated us to design
trol algorithms, one common focal point of these methods is the a more compact representation than FEM for deformable bodies.
improvement of contact control mechanisms. For example, Yin et Galoppo et al. 2007 introduced a fast formulation to compute skin
al.[2007 used the position and the velocity of the center of mass displacement due to dynamic interplay with bones. They proposed
to continuously modulate the contact point of the next step. Abe a very ef cient but specialized contact model by decoupling skele-
et al. [2007 formulated a quadratic program to solve for opti- ton and skin computations using an approximated mass matrix. We
mal joint torques subject to frictional contact constraints. Muico believe with an additional implementation of a more accurate con-
et al. [2009 developed an online method to adapt the idealized tact model, either of the above methods for simulating deformable
control policy based on the current contact situation. Mordatch et bodies will be suitable for our applications.
al. [201Q planed ground contact positions and the foot trajectory . . _— . .
of the center of pressure. Lee et #1004 showed that robust feed- =~ Modeling soft bodies has also generated signi cant interest in
back controller can be achieved by carefully synchronizing the ref- robotics due to its wide range of potential applications. When a
erence trajectory at contact changes. Similarly, in hand animation, full-body humanoid robot moves in an unknown environment or in-
Kry and Pai 00§ accounted for joint compliances due to contact. teracts with humans in an unstructured setting, the mqtlon of the
Liu [2009 optimized the contact positions and forces to synthesize robot must be stablel and compliant to protect the robot's structure
detailed manipulation. Our motivation is similar in that we seek and ensure humans' safety. Researchers have demonstrated that
to create more realistic human motion through a better understand-integrating a compliant sole or shock absorbing materials under
ing of the contact phenomenon, but we take a drastically different @ humanoid robot's foot improves the stability of dynamic biped
approach. Instead of improving the control algorithm, our method Walking [Chardonnet et al. 2008Yamaguchi et al. 1995 Much
aims to improve the physical realism of contact by simulating the research effort has also focused on emulating the compliance of

contact points as deformable bodies rather than rigid bodies. anthropomorphic hands. Unlike rigid linked robots, soft robotic
hands can conform better to the manipulated objects , enabling

Creating body deformation for an articulated gure is an more sophisticated tasks and improving dexterity and robustness
important and practical problem in computer animation. Com- [Cutkosky and Kao 1989Xydas and Kao 1998 Our work is in-

mon skeleton-driven techniques, such as skeleton-subspacespired by this line of robotic research, but we aim to create a uni-
deformation Magnenat-Thalmann et al. 1988 Maya], have ed simulation framework for controlling a variety of human move-
been widely adopted by graphics practitioners.  These ba- ments.

sic methods can be enhanced by adding pose examples

[Lewis et al. 2000 Kry et al. 2002 or additional degrees of
freedom Wang and Phillips 2002 Mohr and Gleicher 2003
Data-driven methods based on scanned dAfter et al. 2002

or dense motion capture datRdrk and Hodgins 20Q&an also
create detailed body deformation driven by skeletal motion. These
interpolation-based methods are able to produce visually appealing
secondary motion. In contrast, our goal is to investigate the impact
of deformations caused by collisions on control strategies for
physically simulated characters.

3 Coupled dynamics

Our representation for human skeleton comprises of articulated
rigid bodies, each of which is surrounded by a set of point masses
representing the surface of the deformable esh. In this section,
we describe the equations of motion coupling the articulated rigid
bodies and the deformable surface.

3.1 Articulated rigid body dynamics
One promising way to achieve realistic deformation at the
site of contact is to apply physics-based modeling and sim- The equations of motion of an articulated rigid body system
ulation of skin layer around the skeleton. Earlier work has parametrized by generalized coordinatesre given by:
used mass-spring systems to synthesize deformable skin wrapped
around the kinematic articulated gureGpurret et al. 1989 M(r)i+ C(r;r)r+ g(r) = t + Je(r) "fc (1)
Turner and Thalmann 1993Gourret et al. 1989 showed that re-
alistic hand deformation in contact with an elastic object can be whereM is the mass matrixC is the Coriolis matrix,g are the
computed by a numerical method based on FEM. More recently, gravitational forces andl are the applied generalized forces. The
Pauly et al. 2004 used a quasi-rigid model to simulate small de-  rst six values int, which correspond to the global rotation and
formations at the site of contact to improve the robustness of con- translation of the system, are zero, resulting in an under-actuated
tact resolution for point cloud surface representations. Capell et systemf; andJ; are the contact force and the Jacobian respectively



Figure 2: Left: An articulated rigid body system coupled with de-
formable surface at the site of contact. Solid dots indicate the active
DOFs. Right: A contact forck represented by a normal force and

a tangent force in coordinates de ned by a matrix D

for a single contact pointM, C, g andJ. are non-linear functions

of r whileCis linear inr. Itis straightforward to add more contacts
to the equation; for clarity, we describe our equations with only one
contact.

3.2 Deformable body dynamics

We de ne the surface of a deformable body as a 3D manifold tri-

angle mesh formed by a set of point masses at the vertices. The
elastic forces applied on each point mass are modeled as lineay =

spring forces. We measure two kinds of deformations and their
corresponding restoring forces at each vemex

Vertex deformation. For a vertex, we measure the defor-
mation from its rest positior; asx; Xj. The corresponding
restoring spring force with a spring stiffnelssis written as:

fri= k(X X) )
Edge deformation. The deformation of the edgeconnect-
ing two verticesy; andv; is given by(x;  xj) (Xi X;j).
The corresponding restoring force appliedwmvith a spring
stiffnesske is written as:

= & ke (x
j2N(i)

foi = Xj) (X Xj) ©))

whereN(i) denotes the subset of vertices of the mesh con-
nected to the vertex via an edge.

The force in Equation2) attempts to keep each vertex at its rest
position while the force in Equatio)tries to maintain the relative
position of the vertex with respect to its neighbors. These forces
attempt to keep the mesh in its undeformed state and also penaliz
translation and rotation of the entire mesh in the de ned frame of
reference.

We collect the positions of all the vertices in a vector

The restoring forces de ned in Equatiol)(and EquationJ) for

rigid body (node) of the articulated skeleton, we needttachthe
frame of reference of the deformable body to the rigid node. In
addition, we must ensure two-way dynamic coupling between the
deformable body and the articulated rigid body system.

We augment the articulated body system with point masses corre-
sponding to the vertices of the deformable body (Figiréeft).

Each point mass is attached to the rigid node through a 3-degree-
of-freedom (DOF) translation joint. The DOFs of this joint are the
vertex coordinateg;. By expressing the DOFs of each point mass
as achild link of the rigid body, we automatically set the frame of
reference of the deformable body to the rigid body. This results
in an augmented articulated body system that has a tree structure
comprising of rigid nodes and point masses. The new set of DOFs
or generalized coordinates is representeql agr";x")T. The dy-
namics for this articulated system is similar to Equatibrand can

be represented as:

Mg+ Ca+g=t+ Il fc (5)

These new matricegl andC and the vectog can be expressed as:

G+ 6)(
Cx

whereM, andC; are the mass and Coriolis matrices apdre the
gravitation forces de ned in Equatiod), My is the mass matrix and

Ox are the gravitation forces de ned in Equatiof).( Equation 6)

also introduces a few new coef cientd);x andC;y are dense ma-
trices coupling the rigid and deformable DOFs avfigl Cx and gy

are the contributions of the point masses to the dynamic equations
of rigid nodes. These matrices can be derived from standard multi-
body system dynamics. The generalized fortese given by:

M; + My
M

MI’X
My

CI‘X. =
0

Or + Ox

€= Ox

(6)

t
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t
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t
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wheret are the generalized forces in Equatidh (For an actively
controlled articulated systerh; is usually computed by an external
controller.

Adaptive deformable simulation. A mesh with large number

of vertices makes the dynamic system very expensive to compute.
Since we are interested in simulating the deformable body at the
site of contact, we only simulate a subset of the vertices at the site

€f contact and treat the rest of the surface rigid. Intuitively, this

implies that we change the stiffness of the rest of the point masses
such that they provide the constraint forces required to keep the
surface rigid. Now, given the contact points on the surface, we
traverse go-ring neighborhood of the vertices and mark these vis-
ited vertices. We simulate those marked vertices until they are no

all the vertices can be represented as the product of a sparse stifflonger in contact and reach the equilibrium at their rest positions.

ness matriXy and the deformatior Xi.e.f= Kyx(x X). We add
a velocity damping force using a damping matfix The equations
of motion for this linear system are written as:

Ke(X X) Kex g (4)

whereM is the diagonal mass matrix with diagonal entries corre-
sponding to each vertex asm; andg are the gravitational forces.

MX =

3.3 Coupled equations of motion

The deformable body dynamics described above are de ned for a
xed frame of reference. To drive the deformable body using a

This adaptive scheme for the deformable body simulation is a prac-
tical solution for situations involving small and stiff deformations.
However, we also need to consider the dynamic contribution of the
point masses not simulated, because their effect on the mass ma-
trix in Equation @) changes over time due to their dependency on
the rigid poser. To ef ciently compute the mass matrix, we pre-
compute the contribution of the point masses in their rest positions
relative to the local frame of the parent rigid body. This contri-
bution effectively changes the mass and inertia of the parent rigid
body. At each time step during the simulation, since we visit all
the simulated point masses that are potentially not at their rest po-
sitions, we simply subtract their rest pose contribution to the mass
matrix from the computed value.



Discrete equations.  In our implementation, we discretize the Coulomb friction model that allows for slipping. These condi-
equations of motion in time. Quantities at any timeare sub- tions for the contact force and the contact point can be formu-
scripted byk. For clarity, we time-subscript the quantities only to lated into a linear complementarity problem (LCP), as described
disambiguate; otherwise they are assumed to be evaluated at timen [Anitescu and Potra 1997

tx. We use backward and central differences to discretize velocity

and acceleration respectively using the time $tes: The contact force is represented by its normal and tangential com-
ponentsfc = f,i+ Db, wheref is the normal vector at contact and
Ok Ok 1 D is a matrix with its columns as the vectors that span the tangent
Ak h plane at contact. The contact force is parametrized by a sGalar
. Ok+1 20k*+ Ok 1 _ Oke1 Ok and a vector in the normal and the tangential space (FigRre
Ak h2 l— ®  Right).
Substituting the above in EquatioB)(and rearranging terms, we  Letp(q) be the coordinates of the contact point. The point velocity
arrive at; is linearly related to the generalized velocity @s J.q. In the
normal direction, the projection of the point velocity and the normal
M(aks1 O hk'fc = h(t Cgq 0 9) force have to satisfy the following condition to prevent penetration

of the surface and enforce work-less and unilateral properties of the
Large spring stiffness or damping in Equatiaf knay cause insta- contact force:
bilities for large time steps. Therefore, we apply the spring forces in
an implicit manner i.e. the spring forces are evaluated at tgne (Pke1 A) ? fn

by using Equation§) as: o
y using Equations) or (ATl 1) ? fn (13)

fe = Kdos ) Kees here the notatiora ? b implies th lementarity condi
where the notatiora ? b implies the complementarity condi-
+ . X ..
Kt M1 X)) Kockiry tion a'b = 0 with a;b 0. Note that non-negativity ensures
K %) (hKx+ Kdxie  (hKx+ Ke)(Xir 1 Xi)(10) component-wise complementariy? b;. In the tangential direc-
) o ) ) tion, we introduce a parameterthat represents the relative tangen-
Replacingt x with £ xin Equation @) and rearranging terms, we get: (5| movement for the point at contact. If there is slippiigX 0),

the tangential force should lie on the boundary of the polyhedra in

v Ts —

MG+ 1 QW) h‘]c_ fe=h(t Cax 9) (11) the direction opposite to the movement. If the contact is static, the

where M = M; + My Mix magnitude of the tangential force should be bound by the normal
ere M= MrTx My + h2Ky + hKy force modulated by friction coef cient. These two conditions can

be enforced by:

t
Kx(xk X)) (hKyx+ Ki)xk (| e+ D Jee 1) ? b
-

This semi-implicit system of equations is stable with respect to the and (mf, e b)? I (14)
deformable forces. Some of other instabilities due to large veloci-
ties can be tackled by making the Coriolis term impliciginUti-
lizing the linear dependence Gfon g, we evaluatéC(q; g)q using

the velocities at the next time steR; 1:

wheremis the friction coef cient anceis a vector of ones. We refer
the reader to$tewart and Trinkle 1996Anitescu and Potra 1997
for a more detailed explanation of the complementarity conditions.

C : = C X + + e : H
(i s 1) G 1 Qi+ D)@+ Da) Let z = (fn;bT;I)T. Rewriting Equation 11) with the

= (C(ak;ak) + C(ak; Ba)) (ak+ Da) parametrized contact force, we get:
C(dk; ak)ak + C(ak; dk) D + C(ak; Da)ak
= C(gk; + 2C(Qy; 12 - N
(dli; Ak i + 2C(lk; Ak)(Ak+ 1 Ak) (12) M (T)T  (DTI)T 0 ka+1 +b=0  (15)

We substitute this result in Equatiohl). The only change in the

equation is the mass matrix: whereb= Mqe h(f Cox ¢). Combining the above con-

straint with the complementarity conditions in Equatidi8)(and

A~ M+ MX Mix ; .

M= MT M+ h2K, + hK, + 2hC Equation (4), we get:
Given the current stai@l; dx), the only unknowns in Equatioi ) 2 . .
areqy: 1 in the absence of contact. We can then directly integrate #A (AT3)T  (DTX)" O
to the next state after we solve fqg.1. To incorporate the ef- gn J 0 0 07 Ok+1 + b _ 0
fect of contact, however, we need to consider additional constraints 4D Jc 0 0 z 0 W
described in the next section. 0 m e 0

withw ? z (16)

4 Contact model

Equation (6) represents a mixed LCP problem withz andqys+ 1
Similar to the numerous options for modeling deformable bod- as unknowns. Given the current state of the chardcigqy) and
ies, there are many existing methods for modeling collisions as the contact points, we solve this problem to get the generalized ve-
well. We choose a model that accurately simulates unilateral con- locities gy, 1 for the next time stefy: 1 and compute the new state
tact forces at the points of contact. In addition, we consider the as(qx+ hQy+ 1;qQk+ 1)-



5 Implementation of controllers STEP4: Apply tsto character in ODE

STEPS5: Advance one time step in ODE to get next state
Without active control forces, applied at the actuated joints of the
skeleton, the system described in previous sections is completely
passive. To demonstrate the utility of our coupled dynamic sys-
tem, we implement the following control algorithms based on exist-
ing controllers widely adopted in computer animation and robotics.
Their applications in locomotion and manipulation are demon-
strated in Sectio®.

Our method follows the SIMBICON algorithm except for the con-
tact force handling. To compute the contact forces for our coupled
dynamic system, we rst need to convert the torques and the state
from maximal coordinates used in SIMBICON to our generalized
coordinates. We then solve for contact forces via Equatiépgnd

use them to override the contact forces solved by ODE. Our contact
handling, summarized as follows, replaces #t&pP 3 of SIMBI-
CON algorithm.

sTEP3.1 Converit s to generalized torquets
We formulate an implicit PD control for tracking a given pose ora STEP3.2 Convert state to generalized coordingtesry)
sequence of poses for the articulated skeleton.(kgty) denote STEP3.3 Solve(qk+ 1;qk+ 1) andfc using EquationX6)
the current state for the rigid skeleton andbe the desired pose.  STEP3.4 Applyf. to character in ODE
Further, letk, andK; be diagonal stiffness and damping matrices
respectively. To provide more stability in the system, we calculate
the feedback force based on the deviation ofrteetstate from the

5.1 Pose-space tracking control

Performance improvement. Although our contact handling for
. s . - the coupled dynamic system inevitably increases the computation

desired pose, similar to Equatiohd): time, our semi-implicit scheme if potentially allows for a larger

tr= K(r N Ker time step than the one used by _SIMBICOI\E(ms), res_,ulting inless

r Mkl kel frequent computation of Equatio®). However, using a smaller
= Ki(rk 1) (hKe+ Ke)rg  (hKe+ Ke)(ree 1 i) (17) frequency for the contact handling poses problems to the rest of the
simulation algorithm; infrequent updates of the deformable state
and the contact forces can lead to inaccurate collision detection and
dynamic inconsistency. To address this problem of asynchronous
time updates, we introduce a mixed-frequency simulation algo-

Pluggingt, into Equation {1) and rearranging the equation, we
modify M andf in Equation (1) as:

M, + My + h2K, + hK; My

i = rithm.
M MT. My+ h2Ky + hi  21C

K K. + K Let hs be the SIMBICON time step used 8TEP5 andhy = nhs be
f = r(r 1) (hKe+ Kor (18) the time step for solving Equatiot) in STEP3.3 for some integer

K %) (hK+ Kidxk n. Attimetg, we executesTEP3.1 toSTEP3.4; i.e. we solve Equa-

tion (16) and record the contact forcésand the new deformable
5.2 Cartesian-space tracking control state(Xy+ 1; Xk+ 1). The new deformable state and contact forces are

applied at timeg+ hy. For any time 2 (tp;tg+ hg), we interpolate
Sometimes it is more effective to track a position in Cartesian-space the deformable state gs;xt) = (1 U)(Xk;Xi) + U(Xk+ 1 X+ 1)
rather than in the pose space. lmfr) represent the world co- ~ Whereu=(t to)=hq. For the contact force during (to;to+ hg),
ordinates of a point on a rigid body. Let the desired position of We could simply treat the deformable as a rigid body andarse
this point bep;. For small deviations, we can approximate it as 3 to compute the contact forces. However, this treatment largely
Doi pi pi JDr, whereJ is the Jacobian evaluatedat With reduces the overall effect of the coupled dynamic system. Instead,
this approximation, we can simply use the pose-space PD control asWe take into account the impact of deformable body on the rigid
described in EquatioriLg) to track the new desired poseras Dr. DOFs as aradditional generalized force x, applied to the charac-
The same approximation can be applied to tracking multiple Carte- ter before solving the ODE time update:

sian points: — — - —
tx=  (Mxf'+ MiX+ Cyr + CxX+ 0x) (20)

T oo T Ty = T oo paT T
Jisos dm Dr= DpgsocDpm (19) Equation 20) can be derived from EquatioB)and Equation®):
Similarly, body orientation in Cartesian-space can be controlled us- — . = . T
ing the same mechanisrbw, = Jy, Dr, whereDwy, is the change in (Mr+ MF + Mk + (G + Cr +_Cf><x+( o+ EJX) =tr+ Jcfe
orientation of the body andly, is the Jacobian de ned ag, = Jy,r. ) Mif+Cr+gr=t,+ JchC (Myff + MxX+ Cxr + CrxX + 0Ox)

5.3 Locomotion control Leaving out the last term in the RHS (i.Ey), the above equation
represents the equations of motion of an articulated rigid body sys-
In addition to basic tracking controllers, we also apply our tem with DOFsr (Equation ()). The accelerations andX for
coupled dynamic system to a biped controller, SIMBICON the duration(to;to + hq) can be computed using their discretiza-
[Yin et al. 2007, which has been adopted widely by other re- tions (Equation§)) since we have both the velocitieg, anddy. 1
searchers in computer graphics communityofos et al. 2008 at timestp andtg + hy respectively. When the LCP is solved at

Coros et al. 2010 Wang et al. 2009 Wang et al. 2010 time to, the new solved state is valid for tinig+ ty. For all the
Lee et al. 201D intermediate simulation time steps of SIMBICON, the state for the

deformable body is linearly interpolated based on the states at time
SIMBICON uses maximal coordinates to compute joint torques and t, andty + ty. The LCP computation is much more expensive as
employs Open Dynamics Engine (ODE) to solve for the simulation compared to the SIMBICON simulation; hence solving LCP every
time step. The algorithm for advancing one time step in original n frames helps speed up the computation substantially.
SIMBICON can be summarized as:

STEP1: Compute joint torquess Stability improvement. Because the applied torqués com-
STEP2: Detect collisions puted by SIMBICON are based on a very small time step, directly
sTeEP3: Create contacts to be solved for in ODE applying them to our formulation with a much larger time step can



cn?. For each vertex, we added a random offset, uniformly sampled
from a range of [0,2] cm, to its vertical and horizontal positions.
We then reconstructed a bumpy surface based on the modi ed ver-
tices. The controllers were tested on several randomly generated
different oors from which we demonstrate three in the video. The
uncertainty on the surface greatly affects the rigid character's abil-
ity to walk. In some cases it wanders to various locations and other
cases it simply falls. The soft character is able to stay in the original
course for all cases with small variations. A close-up observation
shows that the deformable foot mesh of the soft character conforms
better to the noisy surface and maintains more contact points when
the character is pushed.

Figure 4: Soft ngers enable a more robust pinch-grasp.

sometimes lead to instability. To counter this, we add one term to
the converted generalized torquissto approximate the effect of  Although we have not implemented our contact model on biped
an implicit integration scheme. This modi et} are only used to  controllers other than SIMBICON, we expect that our formulation
compute more stable contact forcesTeP3.3, and we stillusethe  can work with other biped control algorithms that employ LCP-

original t s in ODE forward simulationgTEP4). We de ne a vec- like contact models. Based on our experiments with SIMBICON,
tor k; such thatt; = K¢ (ri+ hgrg)+ k¢ for some chosen positive  our method can be applied in such way that the underlying con-
de nite matrix K¢ . We now make an approximation by replacing trol strategies, model coef cients, and numerical parameters all re-
with 1.1 thus making the forces implicit sinag. 1 is unknown: main intact, while the controller enjoying more contact points and
tr  Ki(r+ hgry+1) + K¢ The resulting deviation added to smoother transition of contact area. These bene ts are particularly

equalshqK¢ (rg+1  rg) or tht'r'. Introducing this additional term  important for controlling under-actuated DOFs for biped charac-

produces more stable contact forces without altering the original ters. However, our method might not have signi cant improvement

torques generated by the SIMBICON controller. on biped controllers that already exploited contact force and timing
[Muico et al. 2009Lee et al. 201D

6 Results

Cartesian-space tracking controller We designed a manipula-
We tested results on controllers for biped locomotion and hand ma- tion controller based on tracking the center of pressure on the nger.
nipulation. All the results were produced on a single core of 2.7 The intended function of the controller is to ick a marble ball in
GHz Intel i7. For each behavior, we applied the identical control the desired direction using the distal phalanx of the index nger and
algorithm to a character with soft tissue at the site of contact (soft the thumb. The controller attempts to match the relative center of
character) and a character comprising only rigid bodies (rigid char- pressure between the thumb and the index nger to a desired vector,
acter). The motions of these two characters were compared. Thein addition to tracking an equilibrium pose.

results can be viewed in the accompanying video. As shown in the video, the rigid hand clearly has no control over

the direction of the ball. In some cases, it fails to launch the ball

Biped locomotion controller Using the SIMBICON-based con-  because the loss of contact points occurs too early. The soft hand
troller described in the previous section, we designed three experi-shows much more accurate control in different directions and the
ments to evaluate the impact of soft contacts. We directly used the ball never slips off the ngers before the launch. We also tested the
source code of SIMBICONZ007 and ODE for the control force robustness of the controller by adding noise to the surface of the
computation and the forward simulation. The only modi cation by ball. By applying the same control forces several times, the ngers
our method was the contact force handling. with soft contact manage to ick the ball in the similar directions,

) . but the rigid ngers produce motions with huge variance. The key
Inthe rst experiment, we applied large push forces to the character gifference that leads to better dexterity is that the soft hand main-
and compared the motion with and without soft contact simulation. tains more contact points and smoother movement of the center of
SIMBICON is known for its robustness to external perturbations. pressure at all times.

However, when a strong push that induces a large torque, the rigid
character tends to lose contact easily and fails to recover. In con- ) )
trast, the deformable bodies allow our character to maintain more Pose-space tracking controller  We tested pose-space tracking
contact points on the ground with more evenly distributed pressure control strategy on a human upper body and a human hand. For the
(Figure3). Losing a few contact points due to the perturbation does human upper body, our g_oa_ll isto tra(_:k an arm-folding pose (F|_gure
not critically affect the balance state. 1 lower right). Although it is not a dif cult control problem, this
particular pose is very dif cult to simulate due to a large area of
The second and third experiments focus on evaluating the controllercontact against multiple body parts. In our results, the rigid char-
under different sources of uncertainty. We rst considered theenois acter immediately gets stuck when the hand collides into the op-
in the motor control system of the character. We implemented the posite upper arm. In contrast, the soft character is able to fold her
same simpli ed, biologically-inspired model as Wang et 201(. arms with the hands and upper arms brushing against each other
This model adds noise to the joint torques produced by the con- and smoothly moving into their own desired positions.
troller at every time step. The noise is drawn from a Gaussian . ) )
density with zero mean and a standard deviation depending on the'Ve @lso developed a controller capable of pinch-grasping a thin ob-
magnitude of the joint torque and the strength of the joint. We used 18Cct- We employed PD controllers to track an equilibrium pose such
middle noise level (i.eb = 75 de ned in their paper) to test our that a pen can be held_ horizontally in betvyeen the |nde>.< nger and
controllers. As a result, the rigid character quickly becomes unsta- the thumb (Figure)). Without any perturbation, both the rigid hand
ble when small pushes are applied. The soft character, on the othe@nd the soft hand can successfully hold the pen. However, when

hand, is still able to maintain balance and withstand large pushes. ©xtérnal forces are applied to the pen, the rigid hand quickly loses
contacts and drops the pen while the soft hand can withstand pertur-

The last experiment evaluates the biped controller operating on abation in any direction. The total contact forces applied on the pen
noisy surface. We rst segmented the oor into small tiles of 5 are comparable between two hands, but the pressure distribution is



Figure 3: Simulating deformable body at the site of contact results in more contadspaid smoother center of pressure.
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Figure 6: Comparison of the magnitude of the total contact force

Figure 5: Comparison of the center of pressure on the left foot in on the left foot for one step (frames 400-1500).

the direction of heel to toe for one step (frames 400-1500)

much smoother on the soft hand.

We summarize the performance and the parameters used in our
simulations in Tablel. The stiffness parametés, is the rep-
resentative stiffness fok, and ke in Equation 2) and Equa-

tion (3). We de ne the valuek, = 0:4ky, and ke = 0:6kqy, for

all our examples. In addition, we de ne the damping matrix
Ky = 0:1kml, wherel is the identity matrix. For the locomotion
examples, we de n&; = 10° (Section5.3). The bottleneck in

the computation is the number of contacts solved by LCP for ev-
ery time step. We use the publicly available PATH LCP solver

(http://www.cs.wisc.edu/cpnet/cpnetsoftware/) to solve for Equa- Figure 7: Comparison of the number of contacts from the pinch-
tion (16) for both the cases of rigid and soft contacts. grasp example.

7 Evaluation and Limitations ples, the number of contacts of soft bodies is signi cantly greater

- . . ) than that of rigid bodies. For example, we compared the number of
In addition to the comparisons described in Secfione performed contact points of rigid and soft ngers in a pinch-grasp motion (Fig-

quantitative analyses to show the impact of soft contact, the effect ure4). Figure7 suggests that soft ngers maintain a large number
of a few key parameters, and comparisons with alternative design of contacts at all times and do not abruptly change the number of
decisions. We also address a few limitations of the current system contacts under external forces. In contrast, the number of contacts
in this section. on rigid ngers is much smaller and uctuates drastically when an
external force is applied, leading to unpredictable and less stable
Center of pressure.  We plotted the center of pressure of the results. We also veri ed that the robustness of the motion was not

character's foot from one of the biped examples (FigBre The due_to the_ implicit fo_rmula?ion. In_tr_lis experimer_wt, we replaced all
comparison shows that a soft contact has a much smoother centef€ implicit formulations with explicit ones and simulated the same
of pressure than the rigid contact. Because the center of pressuré"ped examples with a smaller time step. Both implicit and explicit
is crucial to maintaining the angular momentum, this result is con- characters recover from the push in a similar manner.

sistent with our observation that the rigid character loses balance

more easily when large external torque is applied. Similarly, we System parameters.  Our framework performs robustly for a
compared the magnitude of the total contact force from the same wide range of parameters such as the stiffness of the mesh and time
example (Figures). The average contact force is usually similar  steps. We use a time step of 4ms for locomotion controllers (see
between a rigid and a soft contact, but the rigid contact has a largerTable1). We also performed experiments with an larger time step
variance in the magnitude of contact force. Note that more sophisti- of 8ms. The resulting controller was still robust to large forces as
cated biped controllers might achieve similar results, but we delib- compared to the original SIMBICON controller. In addition, we ex-
erately choose very simple control algorithms to highlight the effect perimented with stiffness of the foot meshes increased by a factor
of soft body contact. of 10-20 and the controller performed robustly.

Contribution to robustness. The main reason that soft bodies Different LCP solutions. In theory, the mixed LCP problem in
can generate contact forces resulting in a more robust motion is dueEquation {6) can have multiple solutions depending on the initial
to the increase in the number of contact points. In all our exam- point given to the PATH solver. In practice, we empirically showed



Examples | total DOFs | simulated DOFs| num contacts fps LCP time (%) | Time step (ms)| Stiffnesskm
nger ick 2573 576 88 39 6 3.9 3.2 86 6 1.7 1.5 10°
arm fold 2802 322 89 33 10 35 1.7 68 10 8.3 10*
pinch-grasp 1427 258 22 29 4 52 3.2 85 6 1.7 1.5 10
biped walk 334 197 43 16 3 18.5 45 63 5 4.0 10°

Table 1: Performance and parameters of the examples. “total DOFs” is the nurab®OFs that can be potentially simulated while
“simulated DOFs” is the number of DOFs in adaptive simulation. “fps” is the flamate for our simulations and “LCP time” is the
percentage of the simulation time to solve Equatib).(For biped walk, the LCP is solved every 8 SIMBICON time steps (SIKBI@me

step is 0.5 ms).
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Figure 8: Comparison of the magnitude of contact forces for simu-
lations with different initial points for the LCP solver. Figure 9: Comparison of the contact force magnitudes from penalty

method and soft contacts with LCP.

that our particular LCP, i.e. the contact force problem, is not sensi-
tive to the initial point. We repeatedly simulated the same motion lead to frequent penetration artifacts. For a detailed, contact-rich
in Figure3 by solving the LCP with different initial points: a vec-  motion, such as hand manipulation, the artifacts can be very vis-
tor with all zeros, a vector with all ones, and a vector of different ible. We compared the penalty method with our soft contacts for
random values at every frame. Fig@shows little variation in the a simple case of a box falling on the ground (see video and Fig-
force magnitudes and the simulated motions are close to identical. ure9). We modeled the penalty forces in the normal direction as
described in Yamane and Nakamura 200énd vary the stiffness
and damping parameters to model different levels of softness and
Flexible rigid foot vs. deformable foot. One possible approach  the duration of contact. For the deformable box with soft contacts,
to generate robust locomotion is to represent the foot with many we chose the mesh stiffness such that the duration of contact is sim-
rigid links, allowing for more exible foot motion. Coupling the jlar to the corresponding penalty method case. When the stiffness
penalty methods for contact with multiple smaller links may add of the box is high, the large contact force computed by the penalty
more compliance at the sites of contact. We therefore increased themethod causes the hard box to bounce elastically because the veloc-
complexity of the rigid foot to four links, each of which is con- ity cannot be damped out quickly enough given a very short contact
nected to its parent link by a hinge joint along the center line of the duration. In contrast, our method correctly generates just enough
foot. The simulation results shown in the accompanying video show force to stop the hard box and produces no extra bounce. When the
that a rigid foot represented by four links results in more stable mo- stiffness of the box is low, the contact force pro les look similar
tion when comparing with a rigid foot with fewer links. However,  for both cases in Figur@. However, the motion generated by the
our deformable feet still exhibit more stability than the four-linked  penalty method shows large penetration between the box and the
rigid feet due to more continuous changes of contacts. There areground while our approach does not. In addition, visible deforma-
a couple of disadvantages associated with breaking down a rigid tion that stores and releases potential energy can be observed using
foot into smaller rigid links. As the number of links increase, the our approach.
mass and the size of each link decreases thereby potentially caus-
ing instability due to increased ratio of the maximum to minimum
mass in the skeleton. This results in more strict time step restric- Limitations. ~ There are a few limitations in the current implemen-
tions and more careful selection of stiffness parameters. In addi- tation of the algorithm. Our implementation does not handle a de-
tion, modeling the feet with multiple links increases the complexity formable body across multiple rigid bones. For motions with large
of controller design, as more parameters need to be tuned for theareas of contact, such as rolling on the oor or sitting on a chair,
additional actuators on the foot. it is essential to allow the contact to move continuously across the
bones. With moderate effort to convert between frames of refer-
ence, we can modify our implementation such that two connected
Penalty methods.  Penalty-based methods are commonly used to point masses can be parented to different rigid bones.
approximate the compliance at the site of contact due to their simple
formulation and less intensive computation. However, our approach Our algorithm is not optimized for the performance. The computa-
is advantageous due to the following reasons. First, LCP formula- tion of a few components, such as collision detection and handling
tion models more accurate contact by enforcing work-less normal can be largely reduced by decoupling the surface mesh resolution
force, no penetration, and realistic slipping. Second, our method ex-and the number of contacts such as using volume contacts as de-
plicitly deforms the geometry of the body parts, introducing more scribed in a recent workAllard et al. 201Q. In addition we can
contact points which, in turn, increase the robustness of the con-incorporate existing, ef cient methods that simulate a ne surface
trol algorithms. Third, using low stiffness for penalty methods may mesh embedded in a coarse control mesh to improve the perfor-



mance Kim and Pollard 2011 rigid body collision algorithms do not lend themselves well to col-

) . . L lisions for human motion because human is made of neither passive
The stiffness coef cients in our contact model are arbitrarily chosen o, rigid bodies. We believe that the problem of collision with hu-
and do not resemble human skin and muscle materials in the realya, body is unique and needs to be considered together with the
world. To achieve more realistic deformation, we need to acquire problem of motion control. Our work takes a step toward designing

accurate material coef cients and design more anatomically correct 5 petter collision algorithm speci cally for modeling human mo-
models. Better biomechanical modeling of the musculoskeletal sys- tjon.

tem is our ultimate aim for simulating human behaviors. However,
balancing between model complexity and computational tractabil-
ity remains a challenging problem that requires further exploration. Acknowledgements
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