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Abstract— This paper presents some techniques used for
data-driven haptic rendering of deformable object in two
dimensional space considering multi-contact with 2-DOF virtual
proxy. Torque and force data required for haptic rendering
is calculated in advance by an iteration method. Bi-cubic
interpolation is used in a haptic-loop and moving average filter
is used in a graphics-loop, both of which is aimed at making
smooth and realistic haptic interaction. We exploit discrete-time
non-iterative passive mechanical integrator (NPMI) and hybrid-
time passive virtual coupling for simulating virtual proxy to
enhance passivity of the system. At last, we examined the quality
of generated haptic interaction by PHANTOM Omni.

I. INTRODUCTION

To generate realistic haptic interaction, sufficiently high
update rate (about 1kHz) of force feedback is required. This
can be accomplished quite easily if we only consider single-
contact haptic interaction. However, when it comes to multi-
contact haptic interaction, such as haptic interaction with
deformable objects, it becomes pretty hard to calculate force
feedback rapidly enough. To solve this problem, data-driven
techniques can be considered as an alternative [1]. With data-
driven techniques, we can calculate required data in advance,
and use it in real-time haptic rendering.

In this research, we apply data-driven techniques to gen-
erate haptic interaction between a 2-DOF virtual proxy (VP)
and a deformable object in two dimensional space. And we
mapped nodes of the object from work space to configuration
space, so that whole haptic interaction can be considered only
in configuration space using lumped contact data. Because it
is not easy to directly find which nodes are contacted to VP
in real-time, we use iteration method for the calculation of
torque and force data. Since the data calculated in advance is
in discrete form, it needs to be intepolated to generate smooth
haptic interaction. We use a bi-cubic interpolation method
to interpolate the data. Also, we use multirate rendering
algorithm for an effective haptic rendering [2]. The algorithm
is divided into haptic-loop and graphics-loop, where the
former is designed for stable and realistic force feedback,
whereas the latter for visually-convincing scene generation.
These two threads are separated and tuned individually. Non-
iterative passive mechanical integrator (NPMI) [3] and virtual
coupling technique [4], [5] are used for simulating VP to
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enhance passivity of the rendered system. In a graphics-loop,
moving average filter is applied to improve quality of display.
Finally, some experiments are conducted using PHANTOM
Omni to examine quality of generated haptic interaction.

II. DATA ACQUISITION

A. Basic Equation

We consider a deformable virtual object in 2D, some part
of which adhere to a wall. The object is modelled as nodes
connected with springs, and contact between VP and object
is modelled by penalty-based model. Then this situation can
be described as

(Kn+Kg)(n−n0)+
∑
i∈C

(Si⊗Kc)(n− 1m⊗xi) = 0 (1)

where Kn is denoting stiffness between object nodes, Kg is
stiffness between a wall and grounded nodes, n is position of
the nodes of the object, n0 is the rest position of the nodes,
C is a set of contact nodes of VP, Si is a selection matrix
denoting connection with i-th node on VP, Kc is stiffness
between VP and object nodes, 1m = [1; 1; ...1] ∈ Rm, ⊗
is Kronecker product and xi is position of the i-th node on
VP [6]. To clarify dimension of each, Kn,Kg ∈ R2n×2n,
n, n0 ∈ R2n, Si ∈ Rn×n, Kc ∈ R2×2 and xi ∈ R2.

B. Calculation of Torque and Force Data

It is a challenging problem to find out which nodes of the
object will be on contact with VP when the configuration
of VP is given, i.e, finding Si matrix in (1). It cannot be
predetermined by configuration of VP and initial position of
the object, and it varies with respect to every configuration
of VP. To solve this problem, we developed an algorithm
predicting deformation of virtual object (see Algorithm 1).
F ∈ R2n in the algorithm is denoting force applied to each
node of the object. With the data from the algorithm, we can
find desired torque value for a given configuration

τ =
∑
i

J>i Fi (4)

where Ji is a Jacobian matrix with respect to the i-th node
of VP.

III. DATA-DRIVEN HAPTIC RENDERING

A. Bi-Cubic Interpolation

Since we are using data-driven method for haptic ren-
dering, we can only exploit torque and force data from
predetermined finite configurations. Therefore, this discrete
form of data need to be interpolated to make smooth and
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Algorithm 1: Object deformation predicting algorithm
input : VP configuration
output: n ∈ R2n, F ∈ R2n

repeat
for i = 1 to VP node number do

for j = 1 to object node number do
if i-th VP node is inside object node then

Si(j, j) = 1;
else

Si(j, j) = 0;
end

end
end
F =

∑
i∈C(Si ⊗Kc)(1m ⊗ xi − n0);

n = (Kn +Kg)
−1{(Kn +Kg)n0 + F};

for i = 1 to VP node number do
for j = 1 to object node number do

adjust direction of F (2j − 1 : 2j);
if j-th object node is pulling VP node then

F (2j − 1 : 2j) = [0; 0];
end

end
end
n = (Kn +Kg)

−1{(Kn +Kg)n0 + F};
until each n and F converges to a constant value;

realistic haptic interaction. In this research, bi-cubic interpo-
lation is used which approximates data as a cubic function
referring to values of 16 points around given configuration.
Inside a grid in configuration space where VP is located,
torque is interpolated according to 16 values. We evaluated
the effect of bi-cubic interpolation by pressing and scraping
generated deformable object. It is shown that interpolation
plays an important role in making smooth and realistic haptic
interaction (see Fig. 2).

Bi-cubic interpolation method is used not only to inter-
polate the torque data but also for collision detection. We
make an algorithm which returns true value if a point in
configuration space is inside the object, and false value
if not. After interpolating boolean values in configuration
space, our system can perceive whether VP is on contact
or not, according to the interpolated boolean value at VP’s
configuration. If the interpolated boolean value is true, the
input torque for VP is the interpolated torque data and if not,
input torque is zero.

B. Graphics-Loop of Haptic Rendering

What we need for calculation in the graphics-loop is
force data used to simulate the deformation of the virtual
object, instead of the torque data used for a haptic-loop.
Also, much more calculation needs to be conducted in a
graphics-loop with high resolution. Because of these two
reasons, we use multirate rendering algorithm for haptic
rendering, and a graphics-loop runs separately from a haptic-
loop. The simple data-driven haptic-loop runs with the fast-

Fig. 1. Rendered figure of deformable virtual object and VP

Fig. 2. Smoothing effect of torque interpolation

rate (1kHz) to generate force feedback real-time, while the
more complicated graphics-loop with the slower-rate (60Hz)
separately from the haptic-loop merely to generate visually-
convincing deformation of the virtual object. Data used in
a graphics-loop is also in discrete form, so we need some
techniques to display smooth motion although the input
data is discrete. We exploit moving average filter which is
described as

y[k] =
1

M

M−1∑
j=0

x[k − j] (5)

where M is the number of sampled steps, and motion
displayed becomes smoother and more realistic. This filtering
of the graphics-loop is possible, since our scheme separates
the graphics-loop and the haptic-loop from each other.

IV. CONCLUSION
In this paper, we apply data-driven technique to gener-

ate fast and realistic haptic interaction during multi-contact
haptic interaction. To make smooth and realistic haptic
interaction, bi-cubic interpolation and moving average filter
are used. Moreover, discrete-time NPMI and hybrid-time
passive virtual coupling is applied for the simulation of VP.
We checked quality of generated haptic interaction and found
out that applied techniques are effective.
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