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Abstract

We propose a configuration-space (C-space) based data-
driven haptic rendering framework, which, by relying on the
dynamics/kinematics formulation in the C-space, enables us
to naturally address the haptic interaction of multi-link vir-
tual proxy with visco-elastic type deformable virtual objects,
while also allowing for quick rendering of multi-point con-
tact between the virtual proxy and the virtual objects. We
elucidate the procedure of this C-space data-driven haptic
rendering for the virtual objects and also extend it to real
objects. Experiment is also performed to illustrate efficacy
of the proposed framework.

Index Terms: Configuration space, data-driven haptic ren-
dering, multi-point contact, multi-link virtual proxy

1 Introduction

In this paper, we consider the problem of haptic interaction
with visco-elastic deformable virtual objects (VOs) by us-
ing a multi-link virtual proxy (VP), which can contact with
the objects through multiple points on its links - see Fig.
1. One of the key challenges in such multi-link multi-point
contact haptic interaction with deformable objects is how to
resolve the multi-point contact with a haptically-fast update
rate. For the realistic and stable haptic force generation, this
update rate needs to be high enough(e.g., 1kHz), while the
motion of the VP also evolves according to the constraints
imposed by its multi-link kinematic structure.

For this problem, we propose a configuration-space 1(C-
space) based data-driven haptic rendering framework. This
framework allows us to naturally represent the multi-link
motion of the VP respecting its kinematic construction,
while also enabling us to quickly resolve the issue of multi-
point contact between the VP and the deformable VOs.
Note that, from the perspective of the VP, the multi-point
contact can be simply represented by a single point in its C-
space with the joint contact torque attached on it. On the
other hand, if we use the configuration space coordinates q
(e.g., joint angles) of the VP to simulate its dynamics while
its workspace coordinates x to describe the contact between
the VP and the VOs, we may confront with an inconsistency
problem between the Jacobian relation and the forward kine-
matics, that is, the following two Jacobian and forward kine-
matics map equations may yield different solutions xk+1,

xk+1 − xk
T

= Jk
qk+1 − qk

T
, xk+1 = G(qk+1)
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Figure 1: Multi-link multi-point contact haptic interaction with de-
formable object.

where k is the discrete-time index, T is the sampling period
Jk is the Jacobian matrix, and G(?) is the forward kinemat-
ics map. This inconsistency or “drift problem” [15] can be
completely avoided if we use the C-space representation both
for the multi-link VP and the deformable VOs, as done in
our C-space based data-driven haptic rendering framework.

More precisely, assuming the deformable VOs be relatively
rigid (i.e., without excessive deviation from its un-deformed
shape), our proposed C-space data-driven haptic rendering
first obtains the joint torque τ(q) of each joint of the VP for
each of its configuration q. Here, the joint torque of the VP
arises from the contact with the contacting nodes Nc(q) of
the deformable VOs with the contacting force of each of them
denoted by fj(q), j ∈ Cvo(q). To compute these quantities,
we also devise an algorithm to iteratively resolve the contact
problem between the VP and the VOs and also to find out
the contacting nodes Cvo(q) on the VOs (and also that on
the VPs) autonomously for each configuration q of the VP.

After this, we then construct the haptic rendering dataset
D on the C-space of the multi-link VP s.t.,

D(q) := {q, τ(q), Cvo(q), fj(q)} (1)

where j ∈ Cvo(q). We also develop certain algorithms to
post-process this obtained dataset D to be more suitable for
real-time haptic rendering, namely, 1) uniform gridization of
the obtained data D on the C-space; 2) joint torque inter-
polation on the grid in the C-space for smooth haptic force
rendering; and 3) contact interpolation with torque smooth-
ing to render smooth boundary of, and gradual transition
to, the contact with the objects.

We then utilize this dataset D for the separate haptic and
graphics rendering. That is, we directly apply the interpo-
lated joint torque τ(q) for a given configuration q to pro-
duce haptic feedback, while rendering the graphics of the

1Although configuration space is a general concept, thus, may
refer to the workspace, in this paper, we use it to exclusively
denote the space of a certain configuration, which can capture
the multi-link motion of the VP and also the inter-link contact
between the VP and the VOs (e.g., joint space).
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deformable VOs through its object model equation with the
contact force fj(q) applied to their respective contact nodes
Cvo(q). This separation between the haptic-rendering loop
and the graphics-rendering loop, similar to [2], brings us
with an useful/unique flexibility. For instance, we may run
the graphics-rendering loop, which typically requires inten-
sive computing to provide fine granularity at the vicinity of
the contact point, with a slower update rate (e.g., 60Hz)
as required for visual perception, while running the haptics-
rendering loop, which, in our case, is fairly simple even in
the case of multi-point contact, with haptically-fast update
rate (e.g., 1kHz). We can even post-process the graphics-
rendering data with some interpolation or filtering to en-
hance visual realism, separately from the haptics-rendering
loop. We further utilize non-iterative passive mechanical in-
tegrator (NPMI) [3, 15] for the graphics simulation of the
VOs as well as haptic rendering of the multi-link VP to en-
hance passivity (i.e., stability) of the total system.

We also extend this C-space based data-driven haptic ren-
dering framework to real objects. For this framework, we
experimentally “haptize”2 the real objects by using some
motion control to autonomously obtain the multi-point con-
tact joint torques between the VP and the real VOs. From
this haptization, we obtain dataset in the C-space of the
multi-link VP as stated above. Then we directly apply its
interpolation in the C-space to the VP at the given VP’s con-
figuration q to provide real-time multi-point contact haptic
feedback for the multi-link VP (see Fig. 2) for an illustration
of the procedure of our proposed C-space data-driven haptic
rendering framework.

There have been proposed a number of results on the data-
driven haptic rendering (e.g., [1, 6–14,20]). However, to our
knowledge, all of them (except [7,20]) are either restricted to
the case of 1-dimensional haptic interaction (or model iden-
tification) or limited to the case of single-point contact, with
none of them exploiting the technique of data-driven haptic
rendering in C-space to address the problem of multi-link
multi-point contact haptic interaction. The work of [7, 20]
has some conceptual similarity with ours: in [20], C-space
based contact solving is addressed; and in [7], human organs
are also haptized in the C-space of the scissors to deal with
the multi-point contact associated with the scissors’ cutting
operation. However, in [20], they are not dealing with hap-
tic rendering, but only with graphics rendering. Also, the
C-space approach in [7] is essentially 1-dimensional (i.e., scis-
sors’ cutting angle), thereby, allowing them to avoid many
important issues and problems, that must be addressed for
the case of haptic interaction of multi-link VP with a gen-
eral multi-dimensional C-space, as done so in this paper.
Our paper also extends the 2D results in our previous work-
in-progress extended abstract paper [18] to the general case
of multi-dimensional C-space.

Since the deformation of VOs is not always a function of
joint angles of the VP, some limitations exist in our frame-
work. For example, VOs should be relatively rigid and me-
chanically grounded. Even with these limitations, we believe
our framework would be useful at least for some applica-
tions, particularly for those where such a pre-processing as
the construction of haptic dataset D is feasible, yet real-time
multi-point contact rendering is not. In fact, the problem
of multi-point contact rendering between deformable VOs
and multi-link VP has been one of key bottlenecks in haptic
rendering. Note also that, in our C-space framework, the

2This term, “haptize” is used in this paper to refer the pro-
cedure to obtain the C-space dataset D in (1) for virtual or real
objects for our C-space based data-driven haptic rendering.

Figure 2: Procedure of C-space data-driven haptic rendering.

contact detection problem is reduced simply to checking if
a single point (i.e., VP) is within a region (i.e., VOs) in the
C-space or not.

The rest of the paper is organized as follows. Procedure
of object haptization to construct the dataset D (1) in the
VP’s C-space is detailed in Sec. 2. Our data-driven haptic
rendering and graphics rendering using the constructed C-
space object haptization data are then explained in Sec. 3,
along with relevant experimental results given in Sec. 4.
Some concluding remarks are given in Sec. 5.

2 Object Haptization in C-space

2.1 Haptization of Virtual Objects

For the haptization of virtual objects, in this paper, we con-
sider deformable virtual objects in 3D, which is composed
of nvo nodes in 3D, whose collective shape is then given by
n ∈ <3nvo , with some of them adhered to the mechanical
ground via the ground spring Kg. We also assume that the
VOs are relatively rigid (i.e., no excessive deformation from
their un-deformed shape), and their dominant behavior is
described by the spring connections Kn among the nodes
n (see Fig. 1) for an example. To address the multi-point
contact, we also assign nodes xi ∈ <3 on each rigid link of
the multi-link VP, and connect some of them to some of the
VOs’ nodes nj ∈ <3 via the contact spring Kc. We denote
the set of such contacting nodes on VP by Cvp and that of
contacting nodes of VOs by Cvo.

Then, to obtain the C-space haptic dataset D as defined in
(1), we iteratively solve the following equilibrium equation:

(Kn +Kg)(n− n0) +
∑

i∈Cvp

(Si ⊗Kc)(n− 1nvo ⊗ xi) = 0 (2)

where Kn,Kg ∈ <3nvo×3nvo are the spring connections
among the objects’ nodes and between some of the VOs’
nodes and the mechanical ground, n ∈ <3nvo is the VOs’
nodes position vector, n0 captures the un-deformed configu-
ration of the VOs with the information about the mechani-
cal ground, Kc ∈ <3×3 is the contact spring connection gain
between Cvo and Cvp, 1nvo = [1; 1; ...1] ∈ <nvo , ⊗ is the
Kronecker product, and xi ∈ <3 is the position of i-th node
on VP. Here, also note that the last term of the LHS (left
hand side) collects all the contact force −fj of the contacting
nodes Cvo - see (1). In (2), Si ∈ <nvo×nvo is “selection ma-
trix” defining the connection between the contacting node
sets Cvp and Cvo. In fact, the key challenge in finding the
equilibrium of the deformable VOs and the multi-link VP
during the contact is to properly choose this selection ma-
trix Si, i.e., determining Cvo and Cvp. To address this prob-
lem, we devise an algorithm to find this selection matrix Si

iteratively.
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Figure 3: Haptized data of virtual object in the VP’s C-space.

In the first step of the algorithm, Si is defined in such a
way that, given the configuration q of the VP, the VP nodes
inside the VOs are defined to be Cvp, whereas, from each
node of Cvp, three closest nodes of VOs are collected and Cvo
is defined. Since each mesh of the VOs in this research is
composed of three vertices, selection of three closest nodes
would determine one mesh. Therefore, one node of Cvp would
be matched to one mesh on VOs. With this contacting node
set Cvo, diagonal matrix Si can be constructed such that,

Si(j, j) =

{
1 if j ∈ Cvo
0 if j /∈ Cvo

Then in the second step, it solves (2) to update the VOs’
configuration n and also the contact force fj for each node
in Cvo (from the last term in the LHS of (2)). Since Si de-
fined in the previous step may not be the ultimately correct
solution, (n, fj) obtained in this step may not be suitable
(e.g., direction of fj is tensional). After updating n, if the
obtained n, fj is not suitable, some VP nodes may be out-
side of the VOs although they are still in Cvp. In this case,
contact force becomes tension which, however, should always
be compression. Therefore, in the third step, the algorithm
checks each contact force fj and removes forces with ten-
sional direction. This removing procedure is added to the
algorithm, because experimentally, the algorithm with this
procedure showed much better convergence compared to the
algorithm that merely updates contact node sets. Also in
this step, the algorithm projects direction of each contact
force to the surface normal, since we assume that the domi-
nant VOs’ behavior is governed by its stiffness. How to gen-
erate other types of contact force (e.g., Coulomb friction) is
a topic for future work.

After this modification of contact force fj , in the forth
step, we put this fj into the equilibrium equation (2) by re-
placing the last term in LHS of (2) with the collection of this
(modified) contact force fj . Then solve again (2) to update
the configuration of the VOs’ nodes n. After updating n,
the algorithm goes to the first step again, and update the
selection matrix Si by collecting the VP’s nodes inside VOs
and three closest nodes of VOs from each of them and defin-
ing Cvp and Cvo accordingly. We then continue this process
until the iteration converges to a certain node configuration
n and the associated contact force fj and selection matrix
Si.

Figure 4: Torque values in C-space before and after uniform gridiza-
tion

Once the algorithm converges, we then compute the con-
tact joint torque τ(q) for the multi-link VP s.t.,

τ(q) =
∑

i∈Cvp

J>i (q)

− ∑
j∈Civo

f i
j (q)


where Ji(q) is a Jacobian matrix with respect to the i-th
node xi of VP and Civo is the set of VOs’ contacting nodes
associated to xi. We then construct the haptized dataset of
the virtual VOs in the C-space of the VP as illustrated in Fig.
3 (Cvo and fj(q) information not shown). Although we do
not have a formal proof for the convergence of the algorithm,
we found that, in most cases, particularly when Kc and Kg

are not so large, it converges. Theoretical analysis of the
algorithm is beyond the scope of this paper and a topic for
future research.

2.2 Haptization of Real Objects

Haptization of real objects are much more straightforward
than that for the virtual objects as stated in Sec. 2.1. This
is because such complex computational contact solvers as
the iterative contact resolution algorithm in Sec. 2.1 are
already embedded in the real objects’ dynamics, which pro-
duces a precise solution in real-time by itself. Furthermore,
the real objects are typically passive and also the (open-
loop) haptic device is also passive, we may then simply use
a passivity-enforcing configuration regulation control (e.g.,
proportional-derivative (PD) control [17]) to stably make a
(possibly) multi-point contact between the haptic device and
the real objects at a certain configuration q.

For this, we use PD control to drive control position of
each joint of the haptic device, so that the joint torque data
τ(q) at each configuration can be collected by the interac-
tion of haptic device and the real objects. After collect-
ing the joint torque data τ(q), we apply an interpolation
of τ(q) to the given q directly to the VP during the real-
time haptic rendering. Such haptization as using passivity-
enforcing control may be fully autonomous (i.e., haptically
scanning the object) or semi-autonomous with some human-
intervention to enhance haptization speed or accuracy. Note
also that we could perform this procedure even without ex-
ternal force sensor, since, from the Newton’s action-reaction
law, during the stable contact, the joint contact torque τ(q)
should be the the same (with the opposite sign) as the joint
control torque of this passivity-based control.

2.3 Uniform Gridization

Once we construct this haptization dataset of the real ob-
jects (i.e., D := {q, τ(q)}) or for the virtual objects (i.e.,
D := {q, τ(q), Cvo(q), fj(q)} as given in (1)), we then ap-
ply an interpolation of this τ(q) directly to the VP during
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the real-time haptic rendering - see Sec. 3. For the vir-
tual objects, since we directly control the configuration q
of the VP, we can easily have this haptization data uni-
formly distributed across the C-space of the VP. However,
for the real objects haptization, in some cases, it may be
more straightforward to formulate the object haptization in
the VP’s workspace rather than its C-space. Human inter-
vention would also likely generate haptized data which is
not necessarily uniformly distributed in the VP’s C-space.
However, our proposed data-driven haptic rendering frame-
work is based on the C-space, thus, it is desired to have the
haptized data uniformly distributed in the VP’s C-space.

For this, we perform uniform gridization of the hap-
tized dataset in the C-space as illustrated in Fig. 4. Any
data interpolation techniques may be used for this data uni-
form gridization in the C-space. In this research, we ex-
ploited TriScatteredInterp, built-in class in MATLAB
which creates an interpolant that fits the scattered data in
2 or 3 dimension. After creating interpolant from scattered
torque data, torque value at each gridded position can be
obtained (i.e., uniform gridization can be performed). Note
also that this haptization process for the virtual or real ob-
jects, although generally time-consuming, can be automated,
and also can be performed off-line before the real operation
begins (i.e., pre-processing).

3 Real-Time Haptic and Graphics Rendering

3.1 Data-Driven Haptic Rendering in C-Space

For the haptic rendering, we first simulate the multi-link
VP by using NPMI (non-iterative passive mechanical in-
tegration [3, 15]) to enforce discrete-time passivity of the
VP simulation, thereby, substantially enhance stability of
the total haptic rendering loop. Then with the constructed
dataset D, for each configuration q of the VP, we perform
contact interpolation to smoothly detect the boundary of
the virtual/real objects in the VP’s C-space. For this, we
define a notion called contact index Ic, which is defined to
be Ic(q) := 1 at the haptized configuration q of the VP when
the data Cvo(q) is not null (or ||τ(q)|| > ε with the gravity
already compensated), and to be Ic(q) := 0 if Cvo(q) is null
(or if ||τ(q)|| ≤ ε). Then, given the VP’s configuration q,
we linearly interpolate this Ic(q) using Ic of its neighbouring
configurations, and assume contact occurrence if this inter-
polated Īc(q) at that configuration q is larger than a certain
threshold Ith. For instance, we set this Ith = 0.5 for the
subsequent experiments.

If this interpolated Īc(q) for a given VP’s configuration q
is larger than Ith, we then calculate the joint contact torque
τ̄(q) via joint torque interpolation, that is, we compute
τ̄(q) by linearly interpolating the torque information τ(q) of
the neighbouring configurations of the given q. However, this
interpolated torque τ̄(q) can in general be discontinuous (due
to, e.g., contact detection mismatch as defined by Īc(q) or
τ̄(q)), thereby, may produce contact instability. To address
this issue, we apply a simple boundary-layer like torque
smoothing procedure, that is, instead of allowing for the
sudden change in τ̄(q), we approximate it by a linear slop Ks

so that the torque can be generated smoothly. In this case,
we also found that the possible value of this slop Ks respects
the well-known virtual-wall’s passivity condition [5,16], that
is, for a certain constant µ > 0,

Ks ≤ µ
bv
Tk

where bv > 0 is the VP’s extra damping to enforce pas-
sivity, and Tk is haptic rendering update time. This we

Figure 5: Joint contact torque and configuration of the VP with the
number of VO’s contacting nodes Cvo during the pressing motion.

believe is because our NPMI simulation of the VP, by en-
forcing passivity, produces a similar energetics as the case of
continuous-time case, thus, the same virtual-wall passivity
condition also holds even for this discrete-time VP with the
stiffness Ks.

We can then render the haptic interaction with multi-
point contact by applying τ̄(q) (i.e., interpolated joint con-
tact torque τ(q)) to the multi-link VP, which is then con-
nected to the haptic device via spring-damper type virtual
coupling [5, 15] such that,

τ(t) := −bdẏ(t)−Bvc

(
yk − yk−1

Tk−1
− v̂k−1

)
−Kvc(yk − xk)

τk := −bv v̂k −Bvc

(
v̂k −

yk − yk−1

Tk−1

)
−Kvc(x̂k − yk)

where τ(t) is the torque applied to haptic device, yk ∈ <3

is the device position sampled at tk, bd > 0 is the mini-
mum device damping, Bvc,Kvc ∈ <3×3 are the virtual cou-
pling gains, v̂k−1 = (xk − xk−1)/Tk−1, xk is the joint angle
vector of the VP sampled at tk, and τk is the torque ap-
plied to VP. Also, from NPMI [3, 15], v̂k = (vk+1 + vk)/2 =
(xk+1 − xk)/Tk, and x̂k = (xk+1 + xk)/2. Here, to enhance
transparency of the haptic interaction, 4 channel virtual cou-
pling [19] can be used as an alternative to spring-damper
type virtual coupling.

3.2 Graphics Rendering of Deformable VOs

For the graphics rendering of the virtual objects, we again
utilize NPMI [3, 15] for the simulations of VOs to enhance
the stability of the overall data-driven haptics and graphics
rendering systems. The input to this NPMI VOs simulation
is then the interpolated contact force f̄j(q) ∈ <3 for the con-
tacting nodes Cvo(q). Here, we utilize similar interpolation
method used in Sec. 3.1 to compute f̄j(q) for a given VP
configuration q. Before obtaining f̄j(q), we define extended
contacting force vector fex(q) ∈ <3nvo which is constructed
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Figure 6: Data-driven graphics rendering of deformable VO using
haptized data in C-space.

as,

fex(3j − 2 : 3j, 1) =

{
fj(q) if j ∈ Cvo
[0;0;0] if j /∈ Cvo.

f̄ex(q) ∈ <3nvo is then obtained by linearly interpolating the
extended contacting force vector fex(q) of the neighbouring
configurations of given q. From f̄ex(q), f̄j(q) can be obtained
as f̄j(q) = f̄ex(3j − 2 : 3j, 1). We may also directly apply
the given VP’s configuration q as the input for the VOs
simulation, the details of which will be reported in a future
publication. This data-driven graphics rendering technique
using the haptized-data in the VP’s C-space is also developed
only for the virtual objects: how to extend it to real objects
is a topic for future research.

Note that our haptic-rendering loop and the graphics-
rendering loop run separately. This then naturally allows
for multi-thread multi-rate haptics/graphics rendering, that
is, we can run the haptic-rendering loop, which can be solved
very quickly in our framework even in the presence of multi-
point contact, with faster update-rate (e.g., 1kHz) to prevent
the issue of mechanical instability from slow-update force
feedback, while rendering the graphics, which, in our case,
has much more computational loading due to the necessity
to deal with the larger number of nodes of the deformable
VOs, with slower update-rate (60Hz) as required for humans’
visual perception. Due to this haptics-graphics separation,
we may also insert some post-processing sub-routines (e.g.,
low-pass filtering, smoothing, etc.) only into the graphics-
rendering loop to further refine the visual perception of the
rendered VOs.

By utilizing this C-space based formulation and rendering,
we may then easily address the issue of multi-point contact
between the multi-link VP and the deformable virtual/real
objects, while also straightforwardly incorporating the kine-
matics structure and the constraints imposed by them on
the motion of the multi-link VP.

4 Experiments

4.1 Data-Driven Haptic and Graphics Rendering of Virtual
Objects

We used deformable sphere composed of 102 nodes as a vir-
tual object, and haptized it by the method introduced in Sec.
2.1. After the haptization, dataset D is obtained which has
8,064 points of q on C-space of the VP with the interval of
π/60 radian - see Fig. 3. Then we performed various kinds
of motion on VO to identify the performance of the render-
ing. We used Sensable Phantom-like 3-DOF virtual proxy
(wrist-DOF of the Phantom is not used here) for this exper-
iment. As an example, the results of the pressing motion
are shown in Fig. 5. Notice from Fig. 5 the occurrence of
the multi-point contact during this pressing motion and also
smoothness of the contact generation. Also, graphics ren-
dering of virtual objects with haptized data is shown in Fig.
6. Here, the haptic rendering is done with 1kHz, whereas
the graphics rendering with 60Hz.

Figure 7: Spongy plane used for real object haptization

Figure 8: Force at the end-effector and configuration of the VP
during the haptic interaction with haptized VO from upper part of
the spongy object

4.2 Rendering of Real Objects

We also have applied our data-driven haptic rendering
method to several different kinds of real objects. Among
then, here, we present results with a spongy object as shown
in Fig. 7. We also place a fabric on top of it to make it
stiffer and haptized this stiffer plane as well. In addition,
side part of the spongy object is haptized as shown in right
side of Fig. 7 to check whether multi-point contact can be
rendered or not. The number of the haptization configura-
tion points is 3,472 to cover the upper part of the object of
size 18cm × 8cm × 5cm with 6mm spatial resolution. The
obtained data is then uniformly gridized (see Fig. 4) in the
C-space of the VP and 7,486 points of torque data are pro-
duced with the interval of 0.03 radian. Similarly, by the
haptization of the side part of the spongy object, haptized
data from 1,488 configuration points is obtained with 6mm
spatial resolution. This data is also uniformly gridized and
3,614 points of torque data are produced with the interval
of 0.03 radian.

To identify two virtual objects haptized from the upper
part of the real object, scraping motion is performed on the
rendered VOs with same, constant depth. Fig. 8 shows that
normal force at the end-effector is almost constant during the
motion which means that rendered two VOs are flat. Also
this result shows that the framework can provide users with
the perception of different stiffness between two haptized
planes. Furthermore, to identify haptized VO from multi-
point contact, VO haptized from side part of the real object
is pressed. The results in Fig. 9 presents that the algorithm
can generate smooth torque even for the VO haptized from
multi-point contact.
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Figure 9: Joint contact torque and configuration of the VP during
the haptic interaction with haptized VO from side part of the spongy
object

5 Conclusion & Future Work

Main contribution of this research is the haptic rendering of
multi-point contact between deformable virtual object and
multi-link virtual proxy using data-driven method. Since
the whole rendering procedure is implemented in configura-
tion space, multi-point contact data could be abbreviated
into lumped information with respect to each configuration
of VP, and rendering multi-point contact became much eas-
ier/faster. Haptization techniques for real and virtual ob-
jects are also presented. For the virtual object haptization,
we also devise iterative contact resolution algorithm between
multi-link VP and deformable VO. Our framework also al-
lows for multi-rate multi-thread separate haptic and graphics
renderings.

Some future research topic include: 1) graphics model
generation framework for haptized real objects; 2) theoret-
ical/experimental investigation of damping/friction genera-
tion on top of our data-driven haptic rendering framework;
and 3) inclusion of velocity information into our data-driven
haptic rendering framework.
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