Interactive Simulation of a Deformable Hand for Haptic Rendering
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Figure 1: Left: Animation of a deformable hand using a Cyberglove device. Center: Interactive grasp of a loaf of bread. Right: Haptic interaction
with the loaf of bread using a Cybergrasp device.

A BSTRACT
Operations such as object manipulation and palpation rely on the
fine perception of contact forces, both in time and space. Haptic
simulation of grasping, with the rendering of contact forces resulting from the manipulation of virtual objects, requires realistic yet
interactive models of hand mechanics. This paper presents a model
for interactive simulation of the skeletal and elastic properties of a
human hand, allowing haptic grasping of virtual objects with soft
finger contact. The novel aspects of the model consist of a simple
technique to couple skeletal and elastic elements, an efficient dynamics solver in the presence of joints and contact constraints, and
an algorithm that connects the simulation to a haptic device.
1

I NTRODUCTION

The hand concentrates a large number of the mechanoreceptors in
the human body, and serves as the major means of bidirectional
interaction with the world. Humans execute common operations
such as palpation or grasping with fine dexterity thanks in part to
the sensitivity of the mechanoreceptors and actuators in the hand.
The relevance of the hand in haptics, robotics or virtual reality is
well demonstrated by a large battery of models and studies ranging
from the evaluation of tactile sensitivity [19] to advanced anatomical simulation models [35] or complex robotic replicas [36].
Virtual haptic interaction through the hand imposes severe challenges on hardware and software technologies. On the software
side, haptic rendering algorithms must be able to compute accurate
forces that meet the sensitivity of the mechanoreceptors, both in
time and space. And the computations must be executed at a high
enough frequency to satisfy stability requirements. In this work,
we investigate models and algorithms for interactive anatomically
based simulation of the human hand. These models and algorithms
are designed with the combined goals of realism and efficiency, to
serve as the major building block for computing interaction forces
in haptic rendering.
Our proposed interactive simulation of the human hand is built
around three major components. First, we propose an anatomically

based model of the hand, described in Section 3, that includes its
skeletal bone structure, a deformable flesh model, and the coupling
between skeleton and flesh. Second, we introduce an algorithm (see
Section 4) for the efficient computation of coupled skeleton and
flesh dynamics, including situations with frictional contact. And
third, in Section 5 we describe a general approach for linking the
simulated hand to glove-like tracking devices and exoskeleton-type
haptic devices, enabling bidirectional haptic interaction.
Even though we apply our simulation models and algorithms to
the human hand, they are suited for more general deformable bodies
with skeletal structure, e.g., the whole human body.
2

R ELATED W ORK

To date, the simulation of human anatomy has reached high levels of visual realism in computer graphics, supporting skeletal constraints, nonlinear flesh deformation, and biomechanical muscle activation models [24]. For the specific case of the hand, the work of
Sueda et al. [35] incorporates subtle tendon deformations visible on
the skin. Unfortunately, anatomically inspired biomechanical models cannot match the performance requirements of haptic rendering.
Distant in spirit from biomechanical models, some purely geometric methods are also capable of achieving very realistic hand
animations, in particular pose-space skinning methods that take as
input the skeletal configuration of the hand and a few deformation
examples [21, 23]. However, these example-based models cannot
handle local skin deformations as the result of contact interactions.
Yet another line of research has addressed the synthesis of hand
animations, including grasp synthesis from examples [33, 25], control of versatile hand operations [11], design of complex manipulations [26, 27] or even synthesis of hand operations using joint compliance from real interactions [22]. Typically, these applications do
not consider skin deformations.
In hand animation, one of the important aspects is the simulation
of the skeletal structure. Several authors have proposed efficient
algorithms for handling articulated skeletons under contact [1, 20],
even with a geometric skin for grasping animation [9]. However,
the complexity of the contact problem grows when a soft material
is coupled to the skeleton.
Models that consist of an articulated skeleton surrounded by deformable material are often referred to as layered deformable models. The pioneering work of Chadwick et al. [6] and Gourret et

Figure 2: Left: articulated hand skeleton with 16 bones. Phalanxes are linked through (blue) hinge joints, and the phalanxes and the palm are
linked through (red) universal joints. Middle: surface model for rendering purposes. Right: embedding tetrahedral mesh to model flesh elasticity.

al. [16] demonstrated the animation of body parts using this strategy. Later, Capell et al. [5] addressed how to drive a deformable
simulation using an arbitrary skeleton, and Galoppo et al. [13] designed efficient methods to handle contact, but they considered only
a thin layer of deformable material (i.e., one tetrahedron in width),
approximated the elastic behavior by measuring strain w.r.t. a skinning deformation, and did not account for full implicit integration
of the skin, limiting the mechanical properties to rather soft skin.
On the haptic rendering side, our work is related to algorithms
for haptic rendering of deformable objects, in particular using FEM
and constraint-based contact modeling [10]. There are special
methods that consider objects composed of rigid and deformable
parts [15], but they do not account for skeletal constraints. The
combination of reduced models and adaptive penalty-based contact
is another valid alternative for haptic rendering of deformable objects [3]. Finally, several researchers have already addressed haptic
interaction with an animated hand model, but their approaches do
not consider full flesh deformation. Some performed grasping with
an articulated hand connected with springs for force feedback [4],
others added skinning [17], a proxy-type skeleton with two-handed
manipulation [32], or even localized soft finger models [7].
3 S KELETON AND F LESH OF THE H AND M ODEL
This section describes the computational models used for the various elements of the hand. First, we describe the formulation of
the articulated model for the skeleton, and then we describe the
dynamic deformation model for the soft tissue. We pay particular
attention to the coupling between skeleton and flesh, based on a
skinning approach. Finally, we describe the addition of constraintbased contact.
3.1 Skeletal Model
Let us start considering a simple skeleton consisting of two bones
a and b connected through a joint. The dynamics of the two bones
can be described by the Newton-Euler equations
Ma v̇a = Fa (qa , va , qb , vb ) and
Mb v̇b = Fb (qa , va , qb , vb ),

(1)

and a joint constraint
C(qa , qb ) = 0.
(2)
Here, q includes both the position and orientation of a rigid body,
v includes its linear and angular velocity, M is a 6 × 6 mass matrix, and F the vector of forces and torques. These may include
gravitational and inertial forces, joint elasticity and damping, and
constraint forces.
For a skeleton with an arbitrary number of bones and joints, we
group all bone velocities in a vector vs , and then the constrained
Newton-Euler equations can be expressed as:
Ms v̇s = Fs (qs , vs ),
Cs (qs ) = 0.

(3)

We have modeled the hand’s skeleton using 16 rigid bodies (3 for
each finger and the thumb, and 1 for the palm) and 15 joints (10
hinge joints between phalanxes, and 5 universal joints at the junctions of phalanxes and the palm), as shown in Fig. 2. We have
modeled joint limits by activating stiff angular springs after admissible joint rotations are reached. Joint limits could also be achieved
using a hyperelastic model for the flesh surrounding the joints, but
it would be hard to parameterize and computationally expensive.
To ensure stable simulation under the combination of high stiffness, low mass and large time steps, we discretize the constrained
Newton-Euler equations with backward Euler implicit integration [2]. We approximate the resulting non-linear system with a
linearization of forces at the beginning of each time step, and then
Eq. (3) is transformed into the linear system of equations
As vs + JTs λs = bs ,
Js vs = bλ s ,

(4)

with As = Ms − ∆t ∂∂ Fv s − ∆t 2 ∂∂ Fqs and bs = Ms vs,0 + ∆tFs −
s

s

∆t ∂∂ Fv s vs,0 . The discretized joint constraints are obtained by lins

earizing them at the beginning of the time step, with Js =

∂ Cs
∂ qs

and

1
bλ s = − ∆t
Cs (qs,0 ).

In all equations, the suffix 0 refers to values at
the beginning of the time step. Since the constraints are expressed
on (linearized) positions, they do not suffer drift.
The system matrix As is sparse, of size 6m×6m, with m = 16 the
number of bones. It contains non-zero blocks in the diagonal and
in off-diagonal terms associated to pairs of adjacent bones. These
non-zero off-diagonal blocks are induced by the elastic forces that
model joint limits.
3.2 Flesh Model
We model the deformable flesh of the hand following a linear corotational FEM approach [30], but other approaches such as massspring may also be used. To maximize efficiency, we have opted
to design a coarse tetrahedral mesh that embeds the surface of the
hand, as shown in Fig. 2. The positions of surface points are defined by simple barycentric combination in the embedding tetrahedra. The tetrahedral mesh also occupies the regions of bone tissue,
which again simplifies the mesh and maximizes the efficiency of
the model. Our model approximates the complex layered structure
of the tissues in the hand with a homogeneous elastic material, but
it preserves the skeletal structure thanks to the coupling between
bones and flesh, which is defined in the next subsection.
Similar to the skeleton, we discretize the dynamics equations using backward Euler implicit integration, leading to the system
Af vf = bf .

(5)

The velocity vector v f concatenates the velocities of all mesh
nodes. The system matrix of the flesh is A f = M f + ∆tD f + ∆t 2 K f ,

with D f and K f damping and stiffness matrices respectively. It
contains non-zero blocks in the diagonal and in off-diagonal terms
associated to pairs of nodes belonging to the same tetrahedron. Full
details of the formulation are given in [30].
3.3

Coupling of Skeleton and Flesh

One of the major virtues of our simulation approach is the simple
yet efficient way in which bones and flesh are interconnected, producing a model that captures both the skeletal and soft properties of
a human hand.
The overall motion of the hand is determined by the skeletal configuration, therefore we have designed a skinning strategy
that, given a skeletal configuration, defines target positions for the
flesh nodes. For simplicity, we have selected linear blend skinning
(LBS) [28]. Then, the target position fi of the ith flesh node is defined by a convex combination of the bones’ rigid transformations:
fi (qs ) = ∑ wi j (x j + R j xi j ),

(6)

j

where (x j , R j ) are the position and orientation of the jth bone, xi j is
the (constant) target position of the flesh node in the local reference
system of the bone, and {wi j } are the skinning weights.
A realistic hand should enjoy bidirectional coupling between
skeleton and flesh. The skeletal motion must be transmitted to the
flesh, and contact on the flesh must be transmitted as well to the
skeleton. Moreover, the stiffness of the flesh should impose a resistance on the skeleton under joint rotations. We achieve bidirectional
coupling by inserting zero-length springs between flesh nodes and
their target skinning positions. Then, the coupling of the ith flesh
node produces a force Fi on the node and a wrench (i.e., force and
torque) F j on the jth bone given by:
Fi = −k(xi − fi ),

(7)

∂ fi T
(fi − xi ).
F j = −k
∂qj

(8)


The Jacobian matrix ∂∂qfi = wi j I3×3 , − wi j (R j xi j )∗ relates bone
j
velocities to target skinning velocities, with ∗ representing the
skew-symmetric matrix for a cross product.
Due to the addition of coupling forces between skeleton and
flesh, the numerical integration of skeleton and flesh velocities must
be computed through a single system of equations that couples
Eq. (4) and Eq. (5):


As
 Afs
Js

As f
Af
0


 

vs
bs
JTs
0  vf  =  bf .
λs
bλ s
0

(9)

The coupling forces contribute to the terms As f and A f s , through
the derivatives of flesh node forces w.r.t. bone configurations, and
viceversa. Moreover, the coupling forces also contribute terms to
off-diagonal blocks of the As matrix for pairs of bones that affect
the target skinning position of the same flesh node. In other words,
for two bones a and b affecting the same flesh node xi , then ∂∂ Fqa =
b

T

−k ∂∂qfi ∂∂qfi 6= 0.
a
b
In practice, we limit the complexity added by the coupling by
enforcing that each flesh node may only be affected by at most two
bones, and those bones must be adjacent. Then, the force Jacobian
terms added by the flesh-skeleton coupling to the As matrix coincide with those added by joint limits. Fig. 3 shows examples of
skinning weights for a few phalanxes.

Figure 3: Skinning weights for a few bones. Blue denotes w = 0,
while red denotes w = 1.

3.4 Contact
Contact handling can be tackled through two major approaches:
penalty-based or constraint-based response. Both are suitable for
our hand model, but we opt for constraint-based response, as it allows superior handling of friction, which is a key component in
grasping.
Contact constraints can be defined as complementarity constraints on the flesh, of the form 0 ≤ C f (q f ) ⊥ λ f ≥ 0. After implicit integration and linearization of the constraints at the beginning of the time step, we have 0 ≤ J f v f − bλ f ⊥ λ f ≥ 0. Contact
forces, which act only on the flesh, can be modeled using Lagrange
multipliers as −JTf λ f , and added to the discretized flesh dynamics
in Eq. (9). Friction can be incorporated similarly using constraints.
More details about constraint-based formulation of frictional contact and its connection to implicit integration of deformation dynamics can be found in [10, 31].
4 DYNAMICS S IMULATION A LGORITHM
The hand model formulated in Section 3.3 captures in a satisfactory
manner skeletal and elastic properties of the hand, but presents important complications from a computational point of view. The size
of the system in Eq. (9) is dominated by the number of nodes in the
flesh, and the existence of the joint constraints makes it a possibly
indefinite system, ruling out the solution with efficient solvers such
as conjugate gradient. One possible solver for the system in Eq. (9)
is MINRES, but interactivity would be seriously compromised. The
situation becomes far worse with the addition of (inequality) contact constraints, because then the solver needs to deal with both
linear equalities and inequalities together.
In this section, we describe an algorithm that approximates the
solution to Eq. (9), but provides a plausible simulation at a far lower
computational cost.
4.1 Approximation of Joint Forces
Instead of solving Eq. (9) exactly, we propose an efficient approximation motivated by the role of skeletal and elastic properties of
the hand. As mentioned earlier, the skeleton defines the overall
shape of the hand, and the local details are determined by the flesh.
If bone positions deviate slightly from joint constraint satisfaction,
the effect on the hand’s shape is minimal, because it is maintained
by the flesh stiffness. Based on this observation, we have designed
an algorithm that solves the coupled skeleton-flesh dynamics in two
steps.
In a first step, we compute the bone velocities that satisfy joint
constraints without varying the positions and velocities of flesh
nodes. The complexity of this step amounts to solving the dynamics
of an articulated body. In a second step, we refine the bone velocities and we compute flesh velocities, ignoring the joint constraints

but accounting fully for the skeleton-flesh couplings. The complexity of this step amounts to solving an unconstrained deformation
problem.
4.1.1 Step 1: Articulated Body
Let us define the new skeleton velocity for a certain time step as
the sum of an intermediate velocity and a refinement: vs = vs,1 +
∆vs,1 . Given this definition, we split Eq. (9) into two systems of
equations. The first system approximates joint forces based on the
positions and velocities of flesh nodes at the beginning of the time
step. Specifically, we compute vs,1 by solving the system


 

vs,1
bs,1
As JTs
=
,
(10)
λs
bλ s
Js
0
with bs,1 = Ms vs,0 + ∆tFs − ∆t ∂∂ Fv s vs,0 − ∆t ∂∂ vFs v f ,0 − As f v f ,0 .
s
f
The hand’s skeleton constitutes an open kinematic chain, and
there is a number of algorithms for solving constrained dynamics
of open kinematic chains very efficiently with cost O(m), where
m is the number of bones [12, 1, 20, 34]. We have selected a
method based on Lagrange multipliers [1], which naturally applies
to Eq. (10). This method reorders the system of equations, computes a linear-time factorization that exploits the open-chain property, and then solves the joint forces and bone velocities in a lineartime back-substitution step. In practice, we have modified the algorithm slightly to account for cross-terms between bones induced by
joint elasticity and flesh coupling [18].
4.1.2 Step 2: Unconstrained Deformation
Given the intermediate bone velocities, we compute the final flesh
and bone velocities for the current time step by solving the remaining subsystem in Eq. (9). In this case, we ignore joint constraints,
and the velocities vs and v f are computed by solving the system


 

As As f
vs
bs,2
=
,
(11)
vf
bf
Afs Af
∂F

∂F

with b f = M f v f ,0 + ∆tF f − ∆t ∂ v f vs,0 − ∆t ∂ v f v f ,0 , and bs,2 =
s
f
As vs,1 + As f v f ,0 .
The system in Eq. (11) is sparse, symmetric positive definite, and
we solve it efficiently with the conjugate gradient method. At the
end of the second step the skeleton does not exactly satisfy the joint
constraints, but the practical impact of the existing error is negligible. As mentioned earlier, the joint deviation is mostly filtered
by flesh stiffness and barely affects the external shape of the hand.
Moreover, the deviation does not grow over time, because the first
step in the algorithm removes the deviation from the previous time
step.
4.2 Contact
The algorithm discussed so far yields skeleton and flesh velocities (and positions) for contact-free situations. As introduced in
Section 3.4, we model contact following a constraint-based approach. With such approach, collision response applies a refinement (∆vs , ∆v f ) over the contact-free velocities (vs , v f ). Following
the same approximation of joint forces from the contact-free case,
we compute collision response by ignoring the joint constraints.
Then, collision response is given by the system
As ∆vs + As f ∆v f = 0,
A f s ∆vs + A f ∆v f + JTf λ f

(12)
= 0,

0 ≤ J f ∆v f + J f v f − bλ f ⊥ λ f ≥ 0.
We solve this type of constrained dynamics problem efficiently
following the iterative algorithm in [31]. The same algorithm incorporates friction handling through a similar linearized formulation of
friction constraints.

Figure 4: Under contact, the simulated hand remains constrained,
while the (yellow) configuration read from the glove is unconstrained.

5

H APTIC I NTERACTION

So far we have described the stand-alone simulation of a human
hand. Haptic interaction requires a bidirectional coupling between
the simulated hand model and a haptic device, involving transfer of
positions and velocities in one direction, and forces in the other. In
our implementation, we have followed an impedance architecture,
where we track positions and velocities of the haptic device, use
these positions to command the simulated hand, compute reaction
forces, and send these forces to the haptic device.
To ensure stable haptic rendering, we extend the virtual coupling
algorithm [8] to our setting. This algorithm tracks the state qh of
a haptic device, simulates a virtual tool with state qt , and models
bidirectional interaction using a viscoelastic coupling between device and tool. If the simulation of the tool remains passive, stability
of the complete rendering algorithm is easily guaranteed by setting
the viscoelasticity parameters inside an admissible range.
Our hand simulation setting faces two difficulties for the application of the virtual coupling algorithm. The dynamics solver cannot maintain haptic update rates, and the tracked haptic state and
the tool state are high dimensional but different. We address these
two difficulties with a multirate simulation algorithm and a highdimensional viscoelastic coupling. Due to hardware limitations,
we have applied the hand simulation algorithm only to kinesthetic
haptic rendering, but nothing prevents us from extending it to cutaneous rendering, because the simulation model computes contact
forces and deformations on the skin.
In our experiments, we have tracked a user’s hand using a glove
device, which provides positions and orientations of the phalanxes
and the palm. In a haptic thread, running at the device control
rate, we simulate a set of proxy bones composed by the rigid bodies corresponding to the phalanxes and the palm. For each pair
of tracked and proxy bones, we set a six-dimensional viscoelastic
coupling (i.e., linear and torsional viscoelastic springs) [29]. For efficiency reasons, and given that the user’s hand itself helps maintain
the skeletal shape, we do not model joint constraints for the proxy
bones in the haptic thread.
In the visual loop, we simulate the full hand in contact with the
virtual environment, according to the algorithm in Section 4. We set
viscoelastic couplings between the bones of the simulated hand and
the proxy bones in the haptic loop. Simulating two sets of bones,
one in the visual loop (the articulated skeleton) and another one in
the haptic loop (the proxies), provides a good trade-off between the
stiffness rendered to the user and the smoothing produced by the
viscoelastic couplings. Note that the maximum stiffness rendered
to the user is imposed by the haptic update rate, not the visual update rate. Fig. 4 shows a situation where the hand configuration is
constrained by contact, and it naturally deviates from the configuration read from the glove.
We have tested the display of interaction forces using a Cybergrasp haptic device. This device supports only forces normal to the

Figure 5: Hand pressing against a table. Notice the effect of contact
constraints both on skeletal response and soft finger deformation.

finger pads, hence we project the coupling forces of distal proxy
bones onto the direction normal to each finger pad. Other types of
haptic devices could allow the display of richer forces.
6

E XPERIMENTS

AND

R ESULTS

We have executed several experiments, all on a quad-core 2.4 GHz
PC with 3 GB of memory and a GeForce 8800 GTS. Tracking of
the hand configuration is performed using a Cyberglove, and haptic
feedback is achieved using a Cybergrasp haptic device.
During free-space motions, the hand follows the configuration
read from the glove without apparent lag. In contact situations, the
skeleton and flesh deviate from the glove configuration as expected,
due to the virtual coupling. More importantly, contact situations
produce interesting bulging deformations on the hand’s flesh, as
shown in Fig. 5. These deformations are possible thanks to the
coupling of a soft flesh to the hand’s skeleton.
Interestingly, the coupling of the deformable tissue to the target
skinning positions improves the visual quality produced by linearblend skinning (LBS). Fig. 6 shows a situation where LBS produces
noticeable artifacts, but our model with soft flesh produces interesting bulging in a natural manner.
Given the ability to touch virtual objects, we have produced some
interactive examples of grasping. Fig. 7 shows a grasping sequence
of a rigid car toy, and Fig. 1-center shows a grasping sequence of
a loaf of bread. The same bread is squeezed in Fig. 8. To reduce
the cost of collision detection and contact handling, we use coarse
triangle meshes that embed the high-res meshes used for rendering.
The low-quality force feedback provided by the Cybergrasp device
limited grasping dexterity, but the animations demonstrate the potential of the hand model.
We have also measured the computational performance of several components of the simulation algorithm. Timings were
recorded using the 16-bone skeleton, a 597-tetrahedra mesh for
flesh deformation, a 1441-triangle mesh for collision detection, and
a textured 23640-triangle mesh for rendering. The computations in
the haptic loop are dominated by the solution of rigid body dynamics for the 16 proxy bones. Nevertheless, these computations run at
just 95µs per step on average. In the visual loop, the computations
are dominated by the simulation of the hand and the computation
of collision response. The solution of articulated body dynamics
(Step 1 in Section 4.1) runs at 7ms per time step on average, while
the solution of the unconstrained flesh and bone motion (Step 2 in
Section 4.1) runs at 38ms per time step on average. For the bread
scene, a full simulation step including collision response runs at
53ms per time step on average. In our examples, contact was rarely
the dominating cost, because we used rather simple meshes for collision detection. We expect that our model would produce more
realistic deformations with finer simulation and collision meshes,
but it would not run interactively on current commodity PCs.

Figure 6: Left: Deformation at finger joints achieved by our deformable hand model. Right: Linear-blend skinning (LBS) for the
same skeletal configuration. Our flesh model alleviates the errors of
LBS at joints, producing interesting bulging in a natural manner.

7

D ISCUSSION

AND

F UTURE W ORK

To the best of our knowledge, this work presents the first model to
interactively simulate a human hand with its articulated skeleton,
the complete soft flesh, and contact, all coupled together. We believe that our approach could also be suitable for other objects with
a skeletal structure covered by soft flesh, such as other body parts or
even the whole human body. However, this work constitutes just an
initial step toward realistic interactive simulation of a human hand.
Despite its achievements, our current approach presents multiple
limitations that set the grounds for future lines of work.
Our skinning implementation is based on linear-blend skinning,
but more advanced methods, based on several hand poses, are also
available [21, 23]. The complexity of integrating such methods
would lie on the computation of coupling force derivatives w.r.t.
skeleton kinematics, because the skinning function is a moderately
complex non-linear function of bone transformations. Bone support regions are also larger in pose-based skinning methods than in
linear-blend skinning, which would hurt computational efficiency.
The present elastic model considers only (co-rotational) linear
elasticity, but the behavior of hand tissue is clearly nonlinear. The
addition of nonlinear elastic models would require dealing with linearization issues, and possible tetrahedral meshing and inversion
problems. Our model approximates the whole hand with a completely homogeneous material, even though the human hand is a
layered structure composed of tissues with different elastic properties. In the same line, the current contact model approximates friction with a linearized Coulomb friction cone, and accurate finger
contact models would be necessary for very realistic contact force
computation. On the modeling and solver side, our approach also
incurs in the two-step approximation to the skeleton-flesh coupling,
which limits the stiffness of this coupling. Fast contact situations
may require a stiffer coupling and, in turn, a more accurate implicit
solution to the coupling forces.
On the haptic rendering side, our current approach suffers from
excessive smoothing under moderately slow visual thread updates,
due to the use of virtual coupling. We plan to investigate multirate rendering approaches, either based on linearized models [14]
or shared constraints [10], to increase rendering transparency.
Finally, we hope that the advance in simulation models and interaction techniques will also inspire accompanying progress in haptics hardware and applications. Given the existence of realistic animation models for deformable hands, the possibilities to compute
realistic cutaneous feedback grow considerably, and it would be interesting to see these models applied to haptic rendering devices
that integrate cutaneous and kinesthetic feedback.

Figure 8: Squeezing a loaf of bread. This is a challenging scenario,
with the deformable hand touching another deformable object.
Figure 7: Grasping a rigid car.
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