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Figure 1: A splinejoint can much more accurately model complex biological joints than is possible using conventional joint models.

Abstract

Spline joints are a novel class of joints that can model general scle-
ronomic constraints for multibody dynamics based on the minimal-
coordinates formulation. The main idea is to introduce spline
curves and surfaces in the modeling of joints: We model 1-DOF
joints using splines on SE(3), and construct multi-DOF joints as
the product of exponentials of splines in Euclidean space. We
present efficient recursive algorithms to compute the derivatives of
the spline joint, as well as geometric algorithms to determine op-
timal parameters in order to achieve the desired joint motion. Our
spline joints can be used to create interesting new simulated mecha-
nisms for computer animation and they can more accurately model
complex biomechanical joints such as the knee and shoulder.

CR Categories: 1.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism—Animation

Keywords: Biological Joints, Multibody Dynamics, Scleronomic
Joints, Splines

1 Introduction

Traditionally, only a few types of elementary joints have been used
to model articulated multibody systems for physics-based anima-
tion, robotics, and human movement research. These are the lower
pairs [Reuleaux 1876]; i.e., the prismatic, helical, cylindrical, pla-
nar, and spherical joints, and their compounds, such as the universal
joint. The lower pairs, which are used for modeling most mechan-
ical or biological systems, are characterized by one or more fixed
axes of rotation or translation.
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When it comes to designing practical machines, using only the
lower pair joints seems reasonable, not because they are ideal
choices for every mechanism, but because it is difficult to man-
ufacture more complex types of joints. For the same reason,
the creation of more sophisticated joints has been largely ne-
glected in multibody dynamics research. Not surprisingly, there-
fore, most dynamics simulators and game physics engines, such
as ADAMS (www.mscsoftware.com), the Open Dynamics Engine
(www.ode.org), and SD/FAST (www.sdfast.com), provide only
fairly simple types of joint models limited to fixed joint axes.

By contrast, more complex joints are common in biological sys-
tems. Due to the complicated shapes of bones, biological joints
usually produce non-trivial movement patterns. For example, the
femoraotibial joint (Fig. 1) undergoes both rotation and sliding as it
is flexed and extended [Kapandji 1974]; it cannot be accurately ap-
proximated by a lower pair. While it may be reasonable to approx-
imate biological joints, such as those in the neck, by lower pairs
when one is interested only in macroscopic joint articulation [Lee
and Terzopoulos 2006], the more accurate analysis and simulation
of biological joint motion is important in biomechanics research
and medical applications such as virtual surgery simulation or pros-
thetics design [Delp et al. 1990].

We propose a technique for modeling general scleronomic joints for
multibody dynamics based on the minimal-coordinates (or reduced-
coordinates) formulation. The scleronomic joint imposes bilateral,
time-invariant contact constraints. Thus, the relative configuration
of the connected bodies is determined wholly by the joint coor-
dinates. While maximal-coordinate dynamics approaches provide
the means to simulate arbitrary scleronomic joint constraints, to
our knowledge ours is the first generalized approach to modeling
arbitrary scleronomic joints for multibody dynamics based on the
minimal-coordinates approach, which offers important advantages.

In designing a general scleronomic joint, our key idea is to use
splines to model arbitrary, complex joint motions. Hence, we call
these spline joints. Specifically, we formulate the 1-DOF (degree
of freedom) spline curve joint as the product of exponentials of a
twist multiplied by a spline basis function, thus defining an arbi-
trary C2-continuous spline motion curve (R — SE(3)) that is free
of singularities. We furthermore present geometric data-fitting and
smoothing algorithms for 1-DOF spline joint design. Since higher-
dimensional, analytically differentiable splines on SE(3) are not yet
known, we formulate an n-DOF spline joint as the product of six
exponentials of a basis twist multiplied by an n-parameter spline.
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An advantage of spline joints is that one can employ existing
dynamics algorithms without modification. Our technique ex-
ploits minimal-coordinates-based dynamics algorithms in modeling
general scleronomic constraints. Unlike maximal-coordinates ap-
proaches, the spline joint does not suffer from the “drift problem”.
Hence, it does not require a stabilization process, and this allows
larger simulation time steps. As the derivatives of the joint up to
the second order are required for dynamics simulation, we provide
efficient recursive algorithms to compute the analytic joint Jacobian
and Hessian. The former also enables the easy computation of the
inverse kinematics of the joint.

In addition to enabling the more accurate modeling of biological
joints, such as the knee shown in Fig. 1, spline joints can also be ap-
plied in computer graphics to create mechanisms more interesting
than those made of simple joints. One has more freedom in design-
ing complex joints for kinematic or dynamic computer animation
because they need not be easy to manufacture. We apply our spline
joint models to create some interesting animated mechanisms.

2 Related Work

Researchers have endeavored to create complex models of biologi-
cal joints, but no prior effort has provided a suitably complex joint
model that can be used in dynamics simulation. Delp et al. [1990]
and Maciel et al. [2002] modeled the knee as a revolute joint whose
joint axis translates along a parametric curve. Shao and Ng-Thow-
Hing [2003] proposed a general framework for modeling complex
joints by composing elementary joint components. Their method is
useful for forward kinematics, but they too did not consider inverse
kinematics or dynamics.

Our work is related to research on spline curves for rotation. The
splines on SO(3) that smoothly interpolate rotations are rather in-
volved. Shoemake [1985] proposed the interpolation of rotations
using quaternions. Various techniques have been developed to
achieve optimal spline curves in SO(3) that minimize the tangential
acceleration [Gabriel and Kajiya 1985; Barr et al. 1992; Kim et al.
1995; Ramamoorthi and Barr 1997; Park and Ravani 1997]. Since
the interest is in interpolating the rigid motion of a single body, they
all rightfully divide the problem on SE(3) into an interpolating ro-
tation in SO(3) and translation in R3. In contrast, we are interested
in the articulated motion of a jointed, multibody system. Hence, we
treat rigid-body motion as a screw motion, without decomposing
it into rotation and translation. We adopt the spline algorithms on
SO(3) proposed by Kim et al. [1995] and extend their methods to
SE(3) for use in our spline curve joints. Their approach provides a
simple form of the derivatives of the spline curve, which makes it
easier to compute the dynamics of spline joints.

Kry and Pai [2003] introduced a continuous surface contact sim-
ulation technique in a minimal-coordinates dynamics framework.
Since they handle general topological surfaces obtained by sub-
division, the computation of derivatives is more involved. By
contrast, our method features the efficient computation of deriva-
tives thanks to the structure of the joint representation. Tandl and
Kecskeméthy [2007] use the Frenet frame of spline curves in R? for
the dynamics simulation of simple mechanisms. The orientation of
the Frenet frame is determined entirely by the spline curve, whereas
the orientation of the frame in our model is independent of its posi-
tion along the curve, which enables us to model arbitrary rotations
along the motion curve. Moreover, we use C2-continuous splines,
whereas they must use C*-continuous splines.

Our spline joint can easily be incorporated into current dynamics
algorithms. Featherstone [1987] developed an articulated-body dy-
namics algorithm for multiple-DOF joints, such as the universal

joint. One can use this dynamics algorithm without modification to
simulate spline joints (see Appendix A).

3 Geometric Preliminaries

This section briefly introduces geometric tools derived from Lie
group theory that we will use in this paper. Readers who are fa-
miliar with differential geometry can skip this section. Additional
details can be found in [Murray et al. 1994].

Given a moving body frame T(t) = (R,p) € SE(3), where R €
SO(3) denotes rotation and p € R® translation, its generalized ve-
locity expressed in the instantaneous body frame (hence dubbed the
body velocity) is defined as a twist

o 1t (o] v
V=T T_{o 0}7 (1)
which is an element of se(3), the Lie algebra of SE(3), where ® and
v are, respectively, the angular and linear velocities of T expressed
in the body frame. The 3x3 skew-symmetric matrix of w is denoted
as []. We also represent the twist ¥ as a vector v =[w",v"|T. The
V operator maps a twist to the corresponding twist coordinate; i.e.,
V=

Given T € SE(3) and g = [®",vT]T € se(3), the adjoint mapping
Adr : se(3) — se(3) is defined as Adr § = TGT 1, or in matrix

form as
adra=ofa ol (2] @

The adjoint mapping is used in the coordinate transformation of
twists. As we will see in Section 4, the body velocity of frame
{i — 1} expressed in frame {i} is written as

iy = Adg-1Vi1, 3

where G; is the configuration of frame {i} with respect to {i —1}.

Another useful operator is the Lie bracket adg : se(3) — se(3) and
it occurs when (2) is differentiated. The Lie bracket is defined as

adg, 82 = 0102 — 8201, or

wto0e= (] o] [42] @

The generalized force f = [uT,nT]" is an element of se*(3), the
dual space of se(3), where 1 € R represents a moment and 1 € R3
a force. In matrix form, the corresponding dual adjoint mappings
Ady :se*(3) — se*(3) and adg : se*(3) +— se”(3) are the transposes
of Adt and adg; i.e.,

Ad; =Adf,  ady=ad]. (5)

One can easily verify that Ad;lg = Ady-1gand adgg = 0.

For all g € se(3), € is an element of SE(3). There exists a closed-
form formula of the exponential map exp : se(3) — SE(3) [Murray
et al. 1994]. Note that the derivative of the exponential map is not
trivial; e@<t)1%P_;§ §600 d%@e@m in general. However, in the
case where the rigid motion is due to a constant twist, its derivative
takes the following simple form:

Qe _ g (1) = &P (0). ©)
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g; g | Generalized coordinate; vector of generalized coords
G | Theit" knot

X Differentiation of x with respect to time t

X Differentiation of x with respect to q

Ti | The configuration of frame {i} w.r.t. the inertial frame
Gi | The configuration of frame {i} w.r.t. its parent frame
Gi | Theith control frame

z | Theith control twist

Vi The body velocity of T;

ui | The body velocity of G;

Si | The joint Jacobian of frame {i}

Table 1. Frequently used symbals.

Finally, using the notations defined above, the Newton-Euler equa-
tions of the motion of a rigid body are expressed in a simple form
as follows [Park et al. 1995]:

f=Jv—adjJv, @)

where f € se*(3) is the generalized force applied to the rigid body
and v € se(3) is the generalized velocity. The generalized inertia

J € R%*6 of the rigid body has the following structure:

I { S m[r]} 7 ®

mr]™T  ml

where m is the mass, .# € R3*3 is the rotational inertia matrix,
r € R3 is the position of the center of mass, and | is the identity
matrix. Eq. (7) is coordinate-invariant; i.e., it holds with respect to
any coordinate frame.

Table 1 presents a list of symbols that we will use frequently.

4 Dynamics of General Scleronomic Joints

With the geometric tools introduced in Section 3, we will now de-
rive the kinematics and dynamics equations for general scleronomic
joints, including the lower pair joints.

Assuming that link i of a multibody system is connected to its par-
ent link i — 1 via a joint, the configuration T; € SE(3) of the body
frame {i} of i with respect to the inertial reference frame is

Ti =Ti—1Gj, 9)

where T;_1 is the configuration of {i — 1}, and G; denotes the rela-
tive configuration of {i} with respect to {i — 1}, which we will call
the joint transformation. It is determined by the action of the joint
and, for scleronomic joints, it is determined entirely by the joint co-
ordinate i € R", where n is the number of DOFs of the joint; i.e.,
Gi =Gi(q;). The generalized joint velocity generated by the action
of the joint is

0 =G, 1G;. (10)

Substituting (9) into (1), we can express the body velocity v; as the
velocity of link i — 1 plus that of the joint:

vi='Vi_1 +u. (11)
For scleronomic joints,
ui(ai) = Si(ai)di, (12)
where  Si(qi) = (GldGi)v (13)
=" dgy )

Figure 2: Andlipticjoint. The child link (green) is constrained to
slide along the ellipse attached to the parent link (purple).

The 6 x njoint Jacobian § is a mapping from the time derivatives
of the joint coordinates g; to the generalized joint velocity u;. Using
(13), the time derivative of v; can be expressed as

Vi = Vi1 +ady, S+ VS G + S, (14)

where V§ is the joint Hessian. Finally, from (7), the Newton-Euler
equations of the motion of link i and the joint force or torque 7 are
as follows:

fi = iV —ady, Jivi +fipq —fej, (15)
5 =951, (16)

where f; € se*(3) is the generalized force applied by link i — 1 to
link i and fe; is the external force (e.g., gravity) on link i. Note that

‘fi+1 = Adg,llfm expresses fi 1 relative to frame {i}.
i+

Based on the above Lie group theoretic formulation of the kinemat-
ics and dynamics equations of general scleronomic joints, we derive
in Appendix A an O(n) recursive forward dynamics algorithm for
simulating such joints.

4.1 Creating New Joints

According to (9)—(16), the joint transformation as well as its Ja-
cobian and Hessian are necessary for the kinematic analysis and
dynamic simulation of the system. Hence, to create a new joint, it
suffices to define a twice-differentiable joint transformation and its
derivatives. Before defining new joints, consider the joint transfor-
mation, Jacobian, and Hessian of some simple joints.

The helical joint with pitch h has a joint transformation in the form
of an exponential of a twist of a screw parameter s= [0,0,1,0,0, h|T
multiplied by a joint coordinate g € R; i.e., G(q) = G(O)egq. Using
(13), we can derive the joint Jacobian and Hessian as S= s and
VS=0. Thus, the joint Jacobian of the helical joint is constant and
it is actually the screw parameter of the joint.

The universal joint can be modeled as the product of two revo-
lute joints, G = G(0)e*%e%. Here, the joint Jacobian is S =
[Adgls, sos1] := [S§ 1], where s, is the instantaneous screw param-
eter at given ¢, and an element of the Hessian is dsj/dg; = ads:S;.
Note that the joint Jacobian is not constant, but is a function O?the
joint coordinates, which is typically the case for multi-DOF joints.

Next, consider the creation of a non-conventional joint; for exam-
ple, an eliptic joint (Fig. 2) that constrains the child link to slide
along an ellipse with its orientation tangential to the ellipse. The
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joint transformation G(q) can be written as follows:

)

_ o, [K9@  (asing,—bcosq,0)T
G(q)=H 1 0 an
¢(q) = atan2(bsing,acosq), (18)

where a and b are the semi-axes of the ellipse, and k is a unit vec-
tor in R3. Once the joint transformation is defined, we must com-
pute the Jacobian and its derivative to perform dynamic simulation.
From (10) and (12),

S=[¢'k, e M9[acosq, bsing, 0]T]T, (19)

G0~ 0"k, & @by’ ~ajsing, (b-a0')cosq, o [". (20)
Since the desired joint motion is complex, defining such a joint
transformation in closed form becomes difficult.

Ideally, it should be easy to compute the derivatives of the joint
transformation. Since splines can effectively model complex curves
and surfaces, it is natural to apply them in modeling complex joints.

5 Spline Joints

We now introduce the spline joint, a novel class of scleronomic
joints whose joint transformation is modeled using splines. Any
splines may be used for the joint transformation, as long as the fol-
lowing two requirements are satisfied:

1. The spline joint G(q) must be C2-continuous in order to main-
tain the boundedness of the joint acceleration.

2. The joint Jacobian S(q) must not vanish anywhere in the do-
main, because the generalized joint velocity will vanish where
S(q) = 0, even for non-zero joint coordinate velocity g.

Conceptually, we create the spline joint by defining the joint trans-
formation matrix in SE(3) as a function of joint coordinates (an
n-dimensional vector) using splines, and subsequently deriving its
derivatives up to order two. However, since SE(3) is a curved space,
it is by no means trivial to apply splines to the modeling of joint
transformations.

We employ the spline curves of Kim et al. [1995] in the modeling of
1-DOF spline joints. Their spline curves in SO(3) can be straight-
forwardly extended to SE(3) in which our spline curve joints are de-
fined. However, higher-dimensional splines (e.g., spline surfaces)
on SO(3) are not yet known.! Hence, to create multi-DOF spline
joints, we apply splines defined in Euclidean space to the twist co-
ordinates.

5.1 Spline Curve Joint

The general interpolation scheme for SO(3) developed by Kim et
al. [1995] achieves CX—2-continuous rotation curves for KN-order
splines by introducing a cumulative form of the splines basis func-
tions and the product of their exponentials. The merit of their
method from the perspective of joint modeling is that the deriva-
tives are easy to compute. The extension from the spline curve on
SO(3) to SE(3) is straightforward and it retains all the important
features such as local support and Ck—2 continuity.

1 Alexa [2002] defined an SE(3) curve as an exponential of a spline curve
in Euclidean space. Similarly, a spline surface on SE(3) can be defined as
an exponential of a spline surface in Euclidean space, but in general the
derivatives of such a surface cannot be computed analytically.

While arbitrary C2-continuous splines may be used for our pur-
poses, consider B-splines of order k > 3 as a concrete example. Let
G(q) € SE(3) be a joint transformation parameterized by g € R.
Using the cumulative B-spline basis, G(q) can be expressed as the
product of exponentials of a constant control twist z multiplied by
a spline basis function

ﬁ By 21)

where zj = log(G; %, G;). The cumulative basis function is defined
as the sum of B-spline basis functions: Ejﬁk(q) = 22“:1- B k(). The
control frame G j corresponds to control point j in the regular B-

spline function. Kim et al. [1995] show that the LS,J-_,k(q) are non-
constant only for ¢ < q < §jk-1:

0 if 4 < q;
Bjx(a) = z'*k “Bix(a) ifGj<a<djka  (22)
ifq> Gjk-1

and that their derivatives take the simple form

d ~ k-1

—B; =———Bjx_ . 23

aq ik(@) GG jk—1(a) (23)
From (22), €1B1x(a) G 13, ..., el Bikk(@) — éjilké‘jfkﬂr
and i+1Biak(@ — ... — nBnc(@) — |, This greatly reduces the

number of multipllcatlons and we can express the joint transforma-
tion as the product of only k — 1 exponentials:

. i
G@=6j«1 ][] eZBri(a) (24)
(=j—k+2

We can also see that the joint transformation is locally defined by k
control frames, Gj_ky1,...,Gj. In the case of the cubic B-spline,
the joint transformation can be expressed as the product of just three
exponentials.

5.2 Multi-DOF Spline Joint

Unfortunately, the spline curve on SO(3) does not naturally extend
to the spline surface, let alone the spline surface on SE(3). An
alternative is to model the joint transformation as the product of
exponentials of six basistwists &y, ..., &:

=H 1‘[ ekiti(a (25)

where ¢j(q) : R" — R is an n-DOF spline in Euclidean space. Even
though (25) is similar in structure to (21), the two are quite differ-
ent; in the spline curve joint, the spline is defined in the SE(3) world
space, whereas in multi-DOF joints the spline is defined in each di-
mension of se(3).

It is generally advantageous to use the first three basis twists to rep-
resent the translation component of the joint transformation, while
the last three represent the rotation. This is equivalent to represent-
ing the rotation using Euler angles, which suffers from singularities
in certain configurations. Therefore, this approach cannot cover the
whole of SO(3). However, in many cases we can choose suitable
Euler angles to avoid singularities in the presence of joint limits.
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5.3 Derivatives of the Spline Joint Transformation

For both the spline curve joint and the multi-DOF spline joint, the
joint transformation G(q) takes the form of a product of exponen-
tials. Having defined the joint transformation, we must then com-
pute its Jacobian and Hessian for the purposes of dynamics simu-
lation. An important feature of spline joints is that the twists are
constant, which enables us to compute the analytic joint Jacobian
and its derivatives efficiently as follows. The n-DOF spline joint
(n > 1) has the following form:

m A
=HT] Ji%i(a)
j=1
where ¢; € R is some function of the joint coordinates ¢ and where
8j € se(3), a constant, is a control twist for the spline curve joint

or a basis twist for the n-DOF joint. Given the joint transformation,
the joint Jacobian consists of n twists; i.e., S=[sy,...,Sn|, where

JG n 9P«
S = ( - q ) 2 Ade‘lk+1¢k+1 egma)mgk aq (27)

Eqg. (27) can be computed efficiently in a recursive manner:

qeR", (26)

, S = i (28)
where py = 0 and
I¢x
uk—gka +Adegk¢kuk g forl1<k<m (29)
Its derivatives are also expressed recursively:
ds _ duk
= =Zmm 30
dgqj  dq; (30)
where
au

22¢ _ oul_ I
IHx k 1 k—1 _ K
aq, = Ok aq.aq +Ad g0 <—aqj +ad#;'<flgk_aqj . (3

Appendix B gives pseudo code for computing the joint derivatives.

6 Designing Spline Curve Joints

A spline joint can be designed either by directly specifying the con-
trol frames or by providing a series of joint transformations for the
spline joint to interpolate. For example, to model a biological joint
as a spline joint, one can measure the relative transformations of
the two bones in sample configurations and model a spline joint
that optimally interpolates between the estimated transformations.
We will present a geometric data fitting algorithm to determine the
control frames in this scenario. We will focus on the 1-DOF spline
curve joint. Data fitting for the multi-DOF spline joint is left for
future work, as will be discussed in Section 8.

6.1 Natural Parameterization

Given a set of control frames, we want to construct the spline joint
by assigning knot values ¢, . . . , Gm to each control frame. While we
can assign arbitrary ascending numbers to the knot values, a more
intuitive choice would be setting the knot values in such a way that
the distance between two frames equals the distance in the joint
coordinate space; i.e., ||6G|| = ||0q]| or, equivalently, ||s(q)|| = 1.
Note that since a twist contains both linear and angular motions, one
should define a suitable metric for a particular application. While it
is difficult to ensure ||s(q)|| = 1 for all g, it is easy to get approxi-

mate results by setting §j = Gj— 1+\|Iog( Gj)||2

2Here we employ the “unweighted” metric, but any reasonable metric
can be used. For example, Kaufman et al. [2005] used the inertia-weighted

6.2 Data Fitting Algorithm

Given a series of desired joint transformations Gk at g for k =
1,...,N, the goal of the data fitting process is to compute optimal
control frames Go7 . Gm such that

N
argmin " d(G§,G(c¥)), (32)
Gq...Gm k=1

where d(-,-) is a metric on SE(3). We can solve this nonlinear
optimization problem by iteratively updating control frames such
that the value of the objective function decreases. Imagine that the
control frames Gj (and spline) are moving in space and that at each
iteration we update G; using the body velocity Uij = GG, so that
G(qk) approaches G'é. To this end, we need the mapping from the
velocities of the control frames to the velocities of the joint trans-
formations at g¥.

For simplicity, let us consider the cubic B-spline case: G(q) =
Gj,geVeﬁeO‘, where y = §j722j72, B= Ej,lzj,l, and o = Ejij
for Gj < q < j;1. From the relation z; = i1} — Ad_ 11} 1, we make
the following approximation:

o d o\ s -
(e O‘ae“) ~ Bj (uj

Then, the velocity of the joint transformation at g can be expressed
neatly as the sum of the velocities of control frames weighted by
the (regular) B-spline basis functions:

—Ad;}u,-,l) . 33)

1 -
u(g) = BJ SAde’/eﬁeﬂ‘ujfs_'—Bj*ZAdeﬁeﬂ‘uj*Z (34)
+Bj,1Adea Uj_1+B;0;.

Using (34), we construct a matrix that relates the U; to the u(g):
MUc¢ = ug, (35)

where M is a banded matrix, Uc = (U ,...,0%,) T € R8(™L) and
the desired velocities ug = (u(gh)T,...,u(@")T)T e RSN,

For G(q") to approach GX, we construct M, specify uq by setting

u(g®) = log(G(q*)~1G¥), (36)

solve the linear system (35) for U, and update G; — G;€, for
j =0,...,m, thus decreasing the value of the objective function in
(32). We iterate these steps until convergence in order to solve the
optimization problem.

6.3 Smoothing Algorithm

When the desired joint transformations are noisy, the resulting
spline joint can produce unnatural motion. In this case, we need
to smooth the spline curve in order to improve the quality of mo-
tion. An approach defining the smoothness of the spline joint is
through the joint Hessian: If it is zero, the joint axis is fixed and
produces simple motion like that of the lower pair joints. As in the
data fitting algorithm, we compute the relationship between the rate
of change of the joint Hessian at each point and the velocities of the

metric for dynamics simulation. The unweighted metric is in some sense
a geometrically reasonable one and it may give a better sense of distance
to users, while the inertia-weighted metric may be better for modeling con-
trollers.
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Figure 3: Knee spline joint inverse kinematics example.

control frames, and then we update the control frames in such a way
that the joint Hessians approach zero.

We give a slightly different approximation to (33) for simplicity:3

\%
<e*°‘%e°‘> ~o= B (0 -Adgltj 1) @7)

Using (37), we can write the time derivative of the joint Hessian (a
vector) as

e (Nj-aAd L ) s+ (Voo = NaAdg, ) 0o

(38)

+ (Nfoy = NjAdST) )y +Njlj,
where Nj_2 =B ,AdL,. (39)
Nj_1=B] ;Ads’ +Bj 1Ad L ady, (40)
N; =Bl +|§,-Ad;,lad<ﬁ,+Ad3V). (41)

One can derive the analytic derivatives of the Nj, but numerical
differentiation with respect to q is also simple and effective.

As in the data fitting case, we construct a matrix that transforms
the velocities of the control frame to the rate of change of the joint
Hessian: )

NU¢ = hg. (42)

We can incorporate the smoothness criterion into the data fitting
process by minimizing (1 — w)||ug — Mii¢||? 4+ w]|hg — Ni¢||?,
which can be accomplished by solving for Tc in

((1—w)|v|TM +WNTN) le = (1—w)MTug+wNThg,

where w is a weight and hy can simply be set to —ch for0 < c< 1.

The smoothing algorithm can also be used to smooth the spline
curve while interpolating desired joint transformations by provid-
ing more control frames than are necessary for interpolation; i.e.,
since the number of control frames exceeds the minimum number
required for interpolation, the extra control frames provide addi-
tional degrees of freedom to achieve smoothness.

7 Examples and Results

Fig. 1 shows the femorotibial joint modeled as a spline curve joint.
We created the desired joint transformations by posing the tibia by

3Note that e * 9" = ¢+ & [ &0 |+ & [ [ &, ], |-+, where the Lie
bracket [ o, ¢ | := ae&x — ocx. Therefore, the approximation approaches the
exact solution when ¢ is either small or parallel to c.

Figure 4: Sample poses (top) and closeup internal view (bottom)
of the scapulothoracic joint, modeled as a spline surface joint.

eye in a commercial modeling package, then applying the data fit-
ting and smoothing algorithms to generate the control frames. As
the accompanying video shows, data-fitting without smoothing cre-
ates a somewhat unnatural motion. We achieve a more natural mo-
tion after applying the smoothing algorithm.

Fig. 3 demonstrates that inverse kinematics algorithms can be ap-
plied to the spline joint. Given a target position and orientation
of the foot, an iterative inverse kinematics algorithm uses the ana-
lytic Jacobian to compute the joint coordinates of the leg required
to reach the target configuration. The hip and the ankle are modeled
as revolute joints.

The scapulothoracic joint in the shoulder is a notorious joint to
model in biomechanics. Fig. 4 demonstrates that it can be mod-
eled as a spline surface joint. The scapula is connected to the
rib cage via a 2-DOF spline surface joint and to the clavicle via
damped springs. Our approach is contrary to conventional methods
in which the clavicle and the scapula form a kinematic hierarchy
via a ball joint and auxiliary constraints enforce the contact be-
tween the scapula and the thorax. Since we model the spline surface
such that the pose of the scapula satisfies the constraint between the
scapula and the clavicle (i.e., the distance between the acromion
process and the sternoclavicular joint is approximately the same as
the length of the clavicle), it is easy to enforce the constraint be-
tween the scapula and the clavicle using springs. The gray surface
between the scapula and the rib cage in Fig. 4 is the surface swept
by the reference frame of the scapula. The orientations of the frame
at sample positions are drawn on the surface. The red box on the
surface represents the current position and orientation.

Fig. 5 illustrates some of our experiments in creating interesting
mechanisms using spline joints. In Fig. 5(a), each of the three beads
is connected to the parent link through a flower-shaped spline joint.
In this example, the beads slide along the spinning wire frame in a
physically realistic manner in gravity (we can easily enable them to
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(a) Beads-on-a-Wire (b) Globe

(c) SIGGRAPH Joint

(d) Deforming Spline Surface Joint

Figure 5: Example mechanisms modeled with spline joints.

spin freely about the curve by inserting a simple rotational joint be-
tween the bead and the spline joint). Similarly, Fig. 5(b) illustrates a
mechanism in which toy airplanes slide along the continental coast-
lines using spline joints. Note that for the “Globe” example, each
control frame is computed such that two of its axes are in the tan-
gent plane of the globe and one of those two axes is also tangent
to the coastal curve. The “Beads-on-a-Wire” example is created in
a similar manner. These examples demonstrate that we can create
spline joints of arbitrary shape.

Fig. 5(c) is a snapshot from the “SIGGRAPH Joint 1” demo in the
accompanying video. In this example, we use spline joints to con-
strain each letter to the surface of the parent letter. The chain of
letters, which is constrained at the top of the letter S, free-falls in
gravity. As we modeled only a single spline joint between a pair of
letters, the contact point of one of the two links is constant while
that of the other is changing. In the second “SIGGRAPH Joint 2”
example in the accompanying video, we allow sliding on both sur-
faces by modeling two spline curve joints between the letters. The
first curve is created from the tangent frames while the second is
created from the inverse of the original control frames.

Fig. 5(d) is an example of a “Deforming Spline Surface Joint”. The
cyan sphere is constrained to slide along a 2-DOF spline surface
jointin a physically realistic manner, subject to gravity. At the same
time, the spline surface joint deforms kinematically.

We performed our experiments on a 2.6 GHz Intel Core 2 CPU
system. The spline joint permits large numerical time steps using
the forward Euler time integration method. In our experiments, the
maximum time step ranges from 20 msec (“Globe”) to 100 msec
(“Beads-on-a-Wire™). Also, the experiments confirm that the spline
joint does not raise the complexity of the dynamics formulation be-
yond O(n). With our unoptimized implementation, the compute
time per time step is 6 msec for the 1-DOF system “Knee” and 49

msec for the 8-DOF system “SIGGRAPH Joint 1”. Since we use
local-support basis splines, the number of control points does not
adversely affect the computational complexity.

8 Conclusion and Future Work

We introduced spline joints to model general scleronomic joints
for multibody dynamics based on the minimal-coordinates formu-
lation. Spline joints enable the accurate modeling of biological
joints, as well as the creation of interestingly intricate mechanisms
for computer graphics. Spline joints can easily be incorporated into
existing dynamics algorithms. Our technique opens up a range of
possibilities in modeling dynamic structures and it nicely avoids the
slower maximal-coordinates-based approach that, anyway, would
not simplify the representation of the scleronomic constraint.

Many complex biological joints of animals (including humans) can
be more accurately modeled using our technique. For example,
we demonstrated that the femorotibial joint and the scapulothoracic
joint can be modeled more accurately using spline joints. We mod-
eled these knee and shoulder examples by eye; more accurate mod-
eling should be possible using medical imaging techniques. In the
case of human joints other than the knee and scapula, the condyloid
joint types (e.g., the wrist) and saddle joint types (e.g., the thumb)
should benefit most from our technique.

Since we use twice differentiable splines in spline joints, our tech-
nique can best be used for modeling “smooth” joints. However, we
believe that sharp corners can be reasonably approximated in most
cases by smooth splines using multiple control frames near the dis-
continuities. If one wants to model sharp corners or cusps using
non-C2-continuous splines, it would be necessary to compute and
apply an appropriate impulse at the discontinuities.

As demonstrated in the “SIGGRAPH Joint 2” example, surface-to-
surface contact can be simulated by multiplying one spline surface
joint with a second “inverted” spline surface joint. Moreover, it is
possible to enforce additional constraints, such as a no-slip con-
straint, by computing constraint forces using Lagrange multipliers.

We did not consider the data fitting problem for multi-DOF joints.
A naive approach would be to apply least-squares fitting to each of
6 splines because, unlike the 1-DOF case, each spline is defined in
Euclidean space. Presumably this coordinate-wise fitting will give
reasonable results; however, it may not be optimal in terms of the
given metric on SE(3). A good problem for future work would be
to develop an optimal data fitting algorithm for multi-DOF spline
joints that respects the metric on SE(3).

In the deforming spline surface joint example (Fig. 5(d)), we de-
formed the surface spline kinematically and the surface itself did
not participate in the dynamic simulation. In future work, however,
there is no reason why we cannot employ dynamic NURBS [Ter-
zopoulos and Qin 1994] to create an physically accurate D-NURBS
surface joint which would deform elastically under the weight of the
ball or any other applied forces.

A Recursive Forward Dynamics Algorithm

For use with our spline joints, we derive a Lie Group theoretic re-
cursive dynamics formulation that extends the one in [Park et al.
1995]. Note that the algorithm is essentially the same as the articu-
lated body method for multiple DOF joints developed in [Feather-
stone 1987]. Our recursive forward dynamics algorithm is O(n) for
tree-type articulated structures.

The articulated inertia J; and its associated bias force by are defined
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such that they satisfy the following relation:
fi = JiV; +b;. (43)

Substituting (14) into (43) and pre-multiplying (43) with ST, we
can decompose ¢; into two parts, one induced by 7 and the other
induced by neighboring joints, as follows:

g =01 (Ti—STji(i\-/i—l+Ci)_STbi)7 (44)

where ¢ = §] VSigi +ady,uj and Qi = STJ;Si. We want to derive
recursive equations for J; and b;. This is accomplished by replac-
ing fi_ 1 in (15) with (43) and substituting (14) for v; 1. Hence, we
derive the recursive forward dynamics algorithm for general scle-
ronomic joints as follows:

o Given 7 and fg;
e Update Gj, S;, VS, v; and ¢
e Backward recursion:

Ji =3 +Ad’(‘3i,+11‘~]i+1AdGi,+11
—Adgi;llji+13+19i11151113i+1AdGa11
bi = —ady, Jivi —fe; +Ad’{~,i111 (Ji1Gi1 +biga)
+Adg 1 318100 (Ti+1 -5 @it + bi+1)>
Q=535
e Forward recursion:
Gi=t <7:. STV +a) - S,Tbi)
Vi ="Vi_1+G+Si

B Spline Joint Jacobian and Hessian

Elements of the joint Jacobian S= [sy,...,sn] and the Hessian are
computed using the following algorithm:
Require: q
9 Y 02 -
L's= gla—f;il,g—;j :glaqigaj fori,j=1,...,n
2. fork=2to ?Zdo 5
Js _ 9 -1 (9s [0

gq; = % 9%9;1 + Al <9_% +adg gka_qj>
4  §= gk‘z—zik +Ad;gi¢ks

Refer to Section 5.3 for the definitions of the symbols. The com-
plexity of this algorithm is O(n®m), where n is the number of DOFs
of the joint and m is the number of exponentials. In most cases, m
is small (e.g., m= 3 for the 1-DOF cubic spline joint) and n < 2, so
this algorithm is efficient.

Acknowledgements

SHL was supported in part by a UCLA Dissertation Year Fellow-
ship. The knee mesh data was created by Marco Viceconti and
is available from www.tecno.ior.it/\VRLAB. We acknowledge the
helpful comments of the anonymous referees.

References

ALEXA, M. 2002. Linear combination of transformations. ACM
Transactions on Graphics 21, 3 (July), 380-387.

BARR, A. H., CURRIN, B., GABRIEL, S., AND HUGHES, J. F.
1992. Smooth interpolation of orientations with angular velocity
constraints using quaternions. In Computer Graphics (Proceed-
ings of SGGRAPH 92), 313-320.

DELP, S. L., LOAN, J. P., Hoy, M. G., ZAaJAcC, F. E., ToPP,
E. L., AND ROSEN, J. M. 1990. An interactive graphics-based
model of the lower extremity to study orthopaedic surgical pro-
cedures. IEEE Transactions on Biomedical Engineering 37, 8
(Aug.), 757-767.

FEATHERSTONE, R. 1987. Robot Dynamics Algorithms. Kluwer
Adademic Publishers, Boston.

GABRIEL, S., AND KAJIYA, J. 1985. Spline interpolation in
curved space. In SGGRAPH 85 Course Notes for “ Sate of the
Artin Image Synthesis’.

KAPANDII, |. 1974. The Physiology of the Joints. Churchill Liv-
ingstone, Edinburgh.

KAUFMAN, D. M., EDMUNDS, T., AND PAI, D. K. 2005. Fast
frictional dynamics for rigid bodies. ACM Transactions on
Graphics 24, 3 (Aug.), 946-956.

KiM, M.-J., SHIN, S. Y., AND KiIM, M.-S. 1995. A general
construction scheme for unit quaternion curves with simple high
order derivatives. In Proceedings of SGGRAPH 95, Computer
Graphics Proceedings, Annual Conference Series, 369-376.

KRY, P. G., AND PAl, D. K. 2003. Continuous contact simulation
for smooth surfaces. In ACM Transactions on Graphics, vol. 22,
106-129.

LEE, S.-H., AND TERZOPOULOS, D. 2006. Heads up! Biome-
chanical modeling and neuromuscular control of the neck. ACM
Transactions on Graphics 25, 3 (July), 1188-1198.

MACIEL, A., NEDEL, L. P., AND FREITAS, C. M. D. S. 2002.
Anatomy-based joint models for virtual human skeletons. Pro-
ceedings of the Computer Animation 2002 Conference, 220-224.

MURRAY, R., LI, Z., AND SASTRY, S. 1994. A Mathematical
Introduction to Robotic Manipulation. CRC Press, New York.

PARK, F. C., AND RAVANI, B. 1997. Smooth invariant interpo-
lation of rotations. ACM Transactions on Graphics 16, 3 (July),
277-295.

PARK, F. C., BoBRrROw, J. E., AND PLOEN, S. R. 1995. A lie
group formulation of robot dynamics. The International Journal
of Robotics Research 14, 6, 609-618.

RAMAMOORTHI, R., AND BARR, A. H. 1997. Fast construction
of accurate quaternion splines. In Proceedings of SGGRAPH
97, Computer Graphics Proceedings, Annual Conference Series,
287-292.

REULEAUX, F. 1876. Kinematics of Machinery: Outlines of a
Theory of Machines. MacMillan and Co, London.

SHAO, W., AND NG-THOwW-HING, V. 2003. A general joint com-
ponent framework for realistic articulation in human characters.
In Proceedings of the 2003 ACM Symposium on Interactive 3D
Graphics, 11-18.

SHOEMAKE, K. 1985. Animating rotation with quaternion curves.
In Computer Graphics (Proceedings of SGGRAPH 85), 245—
254,

TANDL, M., AND KECSKEMETHY, A. 2007. A comparison of B-
spline curves and Pythagorean hodograph curves for multibody
dynamics simulation. Proceedings of Twelfth World Congressin
Mechanism and Machine Science (June), 380-387.

TERZOPOULOS, D., AND QIN, H. 1994. Dynamic NURBS with
geometric constraints for interactive sculpting. ACM Transac-
tions on Graphics 13, 2 (Apr.), 103-136.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


