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Abstract This paper presents methodologies and tech-
nologies that are exploited to design and implement the
mobile haptic grasper (MHG), i.e. an integrated system
consisting of a mobile robot and two grounded haptic
devices (HD) fixed on it. This system features two-point
contact kinaesthetic interactions while guaranteeing full
user’s locomotion in large virtual environment. The
workspace of haptic interaction is indefinitely extended,
and this is extremely relevant for applications such as
virtual grasping, where the global workspace is typically
reduced with respect to those of the single-point contact
devices. Regarding software architecture, we present the
Haptik Library, an open source library developed at the
University of Siena which allows to uniformly access
HD, that has been used to implement the MHG
software.

Keywords Haptics Æ Grasping Æ Mobile robotics

1 Introduction

The increasing demand for new and powerful virtual
reality (VR) simulations feeds the research towards
designing new hardware and software solutions. Now-
adays, systems are available to display contact forces to
human operators for simulating kinaesthetic interac-
tions with virtual objects, mediated by several haptic
tools ranging from simple styluses to finger thimbles.
Typically these tools feature one-point contact interac-
tion with virtual environments (Massie and Salisbury
1994; The Delta and the Omega haptic devices. Force-
Dimension—http://www.forcedimension.com).

Although research in multi-point contact interaction
with virtual environments is still in its infancy, see
(Barbagli et al. 2005) and therein references, the use of
more than one single-point contact device has been
shown to be quite satisfactory to handle two or three
points of contact (Harwin and Melder 2002; De Pascale
et al. 2005). In Harwin and Melder (2002) authors
introduce the friction cone algorithm, which guarantees
to haptically seize a virtual object and lift it up in a
stable way. Improvements have been proposed by
(Salisbury et al. 2004) where the soft-finger contact
model has been modeled as an extension of existing
contact models (Zilles 1995). Such contact model
exploits rotational friction in order to counteract pos-
sible rotations of the object while it is grasped by two
contact points.

Another emerging research in haptics is the extension
of the workspace limitation that affects common
grounded haptic devices (HD) such as, for instance the
Phantom (Massie and Salisbury 1994) and the Omega
(The Delta and the Omega haptic devices. ForceDi-
mension—http://www.forcedimension.com). With these
devices users are typically constrained to stand still
within the workspace of the device and interact in a
limited volume depending on the device kinematics and
dimensions. Two possible approaches have been inves-
tigated in the literature to extend the workspace limita-
tions of HD. The first one is referred to as workspace
drift control and consists of transparently shifting the
physical workspace of the device mapped inside the
virtual world thus providing the illusion of haptic
interaction with an unlimited workspace (Conti and
Khatib 2005). In this case the user does not move and
the illusion of large workspace is only for the visual and
tactile feedback and does not involve the vestibular
human system. The second approach is different in
nature and is more complete in the sense that it allows
the user to walk in the extended workspace. Examples of
this approach are, for instance, the Cobots, i.e. devices
that allow users to track a pre-computed path by dis-
playing virtual constraints in the real environment
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(Peshkin et al. 2005), and the mobile haptic devices
(MHD), i.e. devices obtained combining desktop HD
with mobile platforms (MP). The MHD approach was
first introduced by Nitzsche et al. (2003), and Barbagli
et al. (2005). Mobile haptic devices are the only class of
devices allowing for true unlimited workspace, thanks to
the integration of force feedback with full user loco-
motion.

This paper builds upon previous contributions and
extends the MHD idea to haptic grasping. The proposed
system referred to as mobile haptic grasper (MHG) is
built by combining the mobile robot Nomad XR4000 by
Nomadic Tech. Inc. to track user’s locomotion and two
Phantom Desktop HD to provide the user with a con-
tact point for each hand as shown in Fig. 1.

The main contribution of this work is that of showing
that it is possible to extend the workspace of haptic
grasping devices by mobilizing the base where the two
grounded HD are fixed. Note that this is paramount in
grasping because it is well known that if two HD are
combined to build a grasping system, then the work-
space is typically reduced with respect to those of the
single devices. A special attention is devoted to the
control of the overall system that integrates results ob-
tained for virtual grasping (De Pascale et al. 2005) with
the control algorithm of MHD with a single-point
contact (Formaglio et al. 2005; Formaglio and Pratt-
ichizzo 2005).

The MHG is a paradigmatic example of cooperative
haptics. In fact, it is a system that allows the two hands
of a single user to interact with the virtual environment
but it could also be used by two users to cooperatively
interact with the same object.

The second contribution of our work regards the
architecture of the software driving the whole system

that has been designed within the Haptik Library
framework. This is an open source library developed at
the University of Siena for accessing HD from different
manufacturers with a powerful structure of runtime-
loaded plugins (de Pascale et al. 2004; The Haptik
Library Developer’s Manual—http://www.haptikli-
brary.org). The use of this library allows to easily and
elegantly integrate existing software applications and
makes MHD automatically available to both old and
new applications through plugin architectures.

The paper is structured as follows. In Sect. 2 the basic
principles of a MHG are introduced; in Sect. 3, MHG
modeling and design process are shown and discussed in
detail; Sect. 4 presents the software implementation of
the MHG; in Sect. 5 experimental results are reported;
conclusions and future work are discussed in Sect. 6.

2 The MHG

A general purpose MHD is designed to allow the
interaction between user and objects displaced in large
virtual environments. A MHD is made up of two main
components: a mobile platform (MP) and an imped-
ance-type haptic device (HD) grounded to the mobile
platform. The haptic device provides kinesthetic inter-
action with objects displaced in the virtual environment
while the MP is position controlled and tracks the end-
effector trajectories generated by the operator (Barbagli
et al. 2005; Formaglio et al. 2005). This allows to move
the HD workspace towards the area of interest of the
user, according to her/his real motion and consequently
to enlarge indefinitely the MHD workspace. The MP
motion control is such that the HD is kept in a desired
optimum kinematic configuration, for instance that

Fig. 1 The mobile haptic
grasper (MHG) prototype
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maximizing structural stiffness and such that the HD is
kept far from reaching its workspace boundaries to
avoid spurious forces felt by the operator that would
compromise the overall sense of transparency.

This paper builds upon previous results (Barbagli
et al. 2005; Formaglio et al. 2005) and extends the
MHD with grasping capabilities. The mobile grasping
system presented in this work features two points of
contacts, thus the basic control principles must be par-
tially reviewed. As regards the motion control strategy,
for example, the user can independently move both end-
effectors, thus in most cases the MP trajectory which
prevents the devices to reach their workspace boundaries
may be ambiguous. Before introducing the basic idea
which extends MHD control principles to the MHG, let
us introduce the main reference frames for the mobile
system.

Refer to Fig. 2 and consider the world reference
frame RW, a mobile reference frame RM fixed to the
mobile robot, and finally the frames RH, L and RH, R,
fixed to the left and right HD, respectively. Note that the
origins of the haptic device reference frames are centered
at the centers of their workspace.

2.1 Key idea

Consider Fig. 2 and let xH, L and xH, R be the left and
right end-effectors displacements due to motions of the
user hands. The mobile platform motion control prob-
lem can be synthesized in moving the mobile base, and
consequently the HD reference frames, of a displace-
ment xC able to reduce distance of the two end-effectors
from their workspace centers. The MP motion control
problem can be stated as a minimization problem over
the vector xC whose solution is the arithmetic mean of

the two displacements xH, L and xH, R (Luenberger
1969). An equivalent graphical formulation of the con-
trol problem is that of considering the reference frame
RE whose center is the arithmetic mean of the two HD
workspace centers and to control the mobile base to
move the center OE of RE towards the mean of xH, L and
xH, R expressed in RE. In other terms, while the operator
handles both end-effectors, the mobile platform point
OE is controlled to track the trajectory performed by the
mean point between the two end-effectors. The main
advantages of the proposed control strategy are that the
distance of the two HD end-effectors fixed to the mobile
platform from their respective workspace centers is
minimized both in free motion, i.e. while no forces are
fed back to the user’s hands, and while grasping a virtual
object. Consequently, the possibility of reaching the
grounded HD workspace boundaries reduces.

2.2 Virtual grasping rendering

The proposed hardware architecture allows the user to
independently operate with both hands with different
objects belonging to the same virtual scenario, never-
theless the type of multi-point contact interaction we are
mainly interested to simulate is grasping of virtual large-
object, in which the object is seized between both hands.
From the point of view of grasp modeling, this kind of
two-point contact interaction is analog to the pinch
grasp (Johansson and Cole 1994), in which the two
contact forces splits into two components: the self-bal-
anced grip forces FG and the load forces FL as shown in
Fig. 3.

The criteria for a stable pinch grasp are as follows:
the sum of the load forces must be equal to the object’s
weight, the sum of the grip forces must be equal to zero
and the contacts must not be slippery, i.e. the contact
force must lie within the friction cone at the virtual
contact point. The grip forces are directly computed

Fig. 2 The main reference frames of the MHG
Fig. 3 Contact forces splits into two components: the self-balanced
grip forces FG and the load forces FL
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from the normal reaction applied on the HD by the
force rendering algorithm at the contact points. In order
to compute the load force, a non-linear local model has
been extended to include tangential frictions.

Among several models for tangential friction avail-
able in the literature, the one we implemented originates
from the model proposed by Zilles (1995) which has
proved to be simple and effective. This model is briefly
reviewed for the reader convenience. The contact is not
slippery and consequently only static tangential friction
is taken into account at the contact point. This leads to a
model with a single state corresponding to a static fric-
tion (stiction) condition (De Pascale et al. 2005). In this
state, the force exerted by the user lies within the friction
cone thus the contact point cannot slip (see Fig. 4, side
A). This is modeled as follows: let xA be the current
haptic end-effector avatar position, and let xS be the
current stiction point, i.e. the position in which the
avatar is fixed by surface tangential friction (note that
the same analysis apply for left and right HDs, xA=xH,

L or xA=xH, R.
The tangential force component FT at the contact is

obtained as:

FT ¼ kDxT
DxT ¼ Dx� Dx � bnð Þ � bnð Þ
Dx ¼ xS � xAð Þ;

8

>

<

>

:

ð1Þ

where k is the local model stiffness and bn is the surface
normal unit vector in xS.

The algorithm described so far guarantees to grasp
and lift up a virtual object through two contact points,
but cannot avoid object rotations about the grasp axis,
i.e. the line joining the two contact points (Fig. 5). In
practice, the human hands through fingertips are able to
resist torsional moments about contact normals. Ability
of counteracting rotations of object is modeled by the
rotational friction and in particular by the soft-finger

contact model first introduced by Mason and Salisbury
(1985).

The soft-finger model for virtual contacts imple-
mented in the MHG is that proposed by Salisbury et al.
(2004). This model takes into account angles of rotation
about the contact normal if there is an interaction with
only one point or otherwise about the grasp axis if the
interaction is with two contact points.

Again, the model features a single state correspond-
ing to static friction. In this state, the surface rotational
friction at contact points exceeds the torsional moment
which acts on the object about the grasp axis, thus the
object cannot rotate. This is modeled as follows: during
the contact a fourth variable aA is associated to the end-
effector avatar to represent its relative orientation with
respect to the virtual surface. Let aS be the current
stiction angle, i.e. the angular position in which the
avatar is fixed due to surface rotational friction (such
angles are considered to be counterclockwise measured
about the grasp axis).

The torsional moment s acting on the grasped object
is obtained as:

s ¼ ksDa

Da ¼ aS � aA;

(

ð2Þ

where ks is the haptic servo-loop gain. For further de-
tails about implementing soft-finger contact models in
haptics research, the reader is referred to Salisbury et al.
(2004).

3 Modeling the device

The mobile grasping system this paper deals with is built
by combining the mobile robot Nomad XR4000 to track
user’s motion and two Phantom Desktop HD to provide
the user with a contact point for each hand, (Fig. 1). The
Nomad is a holonomic platform, featuring three planar
degrees of freedom, i.e. it can perform translational and
rotational motion. The two Phantoms are impedance-

Fig. 4 A schematic representation of the friction cones at the
contact points. Side A: the tangential force lies within the cone and
the contact point cannot slip. Side B: the tangential force lies
outside the friction cone and the contact point slips Fig. 5 The grasp axis, i.e. the line joining the two contact points
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type HD with three actuated degrees of freedom, hence
the MHG is a kinematically redundant system.

For the sake of simplicity, we will consider the mo-
tion of the mobile base and of the HD end-effectors only
along the x-axis (Fig. 2). Dynamic model is derived
similarly to the model for a single contact point (Nitz-
sche et al. 2003; Formaglio et al. 2005). The x-axis
dynamics model for the two contact points mobile
haptic system is shown in Fig. 6.

As regards the left haptic device part (Fig. 6, top),
xW, L and xH, L represent the position of HD end-
effector with respect to RW and RH, L, respectively; FO, L

is the operator’s left hand force, while FH, L is the
reaction force of the left device, thus yielding the total
force FT, L acting on end-effector; D(s) models the end-
effector reflected inertia felt by the operator; ZOH is a
zero holder hold and finally a collision detection block is
considered. The impedance model ZE (z) for virtual
objects can be chosen as a discrete spring-damper system

ZEðzÞ ¼ Dh
z� 1

zTH
þ Ph;

where TH is the haptic servo-loop period, and Ph and Dh

are the spring and damping coefficients. Note that the
impedance model has been chosen equal for both
interaction points. The right haptic device model (Fig. 6,
bottom part) can be similarly derived. The signals xH, L

and xH, R are employed to determine the system motion
(Fig. 6, center). C(s) is the transfer function matrix of
the mobile platform control algorithm; xC is the position
commanded to the MP; H(s) is a dynamic model for the
MP; F(z) is the discrete-time transfer function repre-
senting the MP localization algorithm with sampling
time TH, and finally xM is the MP position with respect

to the world frame RW. To simplify the notation, we can
assume without loss of generality that xM represents the
displacement of OE referred to RW. The role of con-
troller C(s), transfer function F(z) and signal x̂M will be
discussed in the following.

Dynamics of the mobile platform are modeled
through a second-order mass-spring-damper system

HðsÞ ¼ Km

s Mmsþ Bmð Þ ; ð3Þ

where Km is the spring stiffness, Bm is the damping
coefficient and Mm is the mass of the platform (Nitzsche
et al. 2003; Formaglio et al. 2005).

While this is far from being a perfect dynamical
model of a mobile robot and cannot account for non-
linear effects that are present in real world, it has been
chosen for two main reasons: it is simple and is char-
acterized by a small set of parameters that can easily be
interpreted; it allows to analytically characterize the
dynamical performance of the mobile haptic interface
(Formaglio et al. 2005) (see Sect. 3.3).

3.1 Mobile platform position smoothing

An important issue in mobile haptics is the influence of
the position controlled part, i.e. the motion control of
the mobile platform, on collision detection and reaction
force computation, that for MHD rely on global end-
effector displacements xW, L and xW, R (Formaglio and
Prattichizzo 2005). These signals are retrieved by com-
posing local measurements xE, L and xE, R of the two
HD expressed in RE with the position xM of the mobile
platform

xW;L ¼ RxE;L þ xM
xW;R ¼ RxE;R þ xM;

�

ð4Þ

where R is the rotation of RE with respect to the world
frame.

As far as dynamics is concerned, by Nitzsche et al.
(2003) it has been proven that the impedance perceived
by the user, under certain conditions, does not depend
on the mobile platform dynamics. Actually, the required
conditions consist of exact position measurements of the
HD and of exact localization of the mobile platform,
and low haptic end-effector reflected inertia. Generally
such conditions are satisfied except for the accuracy of
the mobile platform localization xM that suffers from
rough quantization and slow sampling rate with respect
to the haptic servo-loop.

To refine the estimation of MP displacement we
propose to use a smoothing algorithm (Formaglio and
Prattichizzo 2005). The basic idea is the following: first
xM, originally featuring sampling time TM, is oversam-
pled at the same rate as the haptic servo-loop, thus
obtaining �xM sampled at time TH (Fig. 6). Secondly, the
mobile platform displacement is estimated using a dis-
crete-time signal x̂M defined as:Fig. 6 Dynamic model of the MHG
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x̂M iþ 1ð ÞTHð Þ ¼ x̂M iTHð Þ þ KDx iTHð Þ
Dx iTHð Þ ¼ �xM iTHð Þ � x̂M iTHð Þ

x̂Mð0Þ ¼ 0;

8

<

:

ð5Þ

For a given �xM; updated with sampling period TM

and kept constant at the inter-samples with sampling
period TH, the variable x̂M is updated to reduce error Dx.
The proportional gain K determines the velocity
whereby Dx reduces. To analytically design the param-
eter K, we set the following specifications:

1. x̂M must recover the current MP odometry measure
within m steps, where m ¼ TM=THb c;

2. from dynamics (5) x̂M can only asymptotically tend to
�xM; hence we set K such that x̂MðmÞ ¼ dH i.e. such
that after m steps the difference between x̂M and �xM is
equal to the HD quantization error dH.

Our worst case analysis shown that the maximum
value for the error Dx is VM TM, where VM is the
maximum allowed translational velocity for the mobile
platform. For the sake of clarity, let us suppose that at
t=0 the current measure �xMð0Þ ¼ 0 and the initial con-
dition x̂Mð0Þ ¼ VMTM: The free-state evolution of the
discrete-time system (5) can be studied with respect to K.
By straightforward computation, from specifications 1
and 2 we have

x̂MðmÞ ¼ ð1� KÞmVMTM ¼ dH

that yields to

K ¼ 1� dH
VMTM

� �1
m

: ð6Þ

The gain K computed according to (6) guarantees that
x̂M estimates the MP displacement with a bounded
approximation error

dH � Dx � VMTM: ð7Þ

The lower bound represents the unrecoverable estima-
tion error introduced by this algorithm, which is actually
comparable to the quantization error of the haptic de-
vice. As regards the upper bound, typical values of VM

and TM (see for example Table 1) yield to reasonable

values for the maximum error. The smoothing algorithm
is used to compute the position of the HD end-effectors
in the world frame as follows:

xW;L ¼ RxE;L þ x̂M
xW;R ¼ RxE;R þ x̂M:

�

ð8Þ

The transfer function F(z) in Fig. 6 is obtained ana-
lyzing the block scheme of Fig. 7, and it takes on the
following form:

F ðzÞ ¼
1� dH

VMTM

� �1=m

z� dH
VMTM

� �1=m
: ð9Þ

The main advantage of this strategy is that the effects
of mobile platform localization on impedance rendering
are remarkably reduced (Formaglio and Prattichizzo
2005), and also in the case of two-contact-points mobile
haptic system the realism of virtual simulation is pre-
served.

3.2 Motion control

The HD and the mobile robot are respectively force
controlled and position controlled systems, thus a MHG
features both force controlled and position controlled
dynamics. As regards the position controlled part, the
target is extending the workspace of virtual environ-
ments thanks to the motion of the mobile robot, which
continuously tracks operator’s locomotion as pointed
out in Sect. 2.1. At each time instant the MP is com-
manded to track the mean point between end-effectors
displacements (Fig. 8)

xH ¼
xE;L þ xE;R

2
: ð10Þ

In other terms, platform motion is controlled to get
xH going to zero and the signal xH can be seen as the
mobile platform tracking error.

3.3 Object depending performance

Mobile robots are generally characterized by slow
dynamics, then delays may be present when attempting
to track the human operator motion. As a consequence
the HD end-effector may reach the boundary of its
workspace before the mobile platform can recover the
lag, which in turn can create spurious forces and ulti-
mately cause a total loss of transparency for the MHD.
In our previous works (Barbagli et al. 2005; Formaglio
et al. 2005) we analyzed this aspect for single-contact-
point MHD, determining that dynamical performances
of a MHD depend on parameters of the mobile robot,

Table 1 Hardware and software parameters for the experimental
application

Mobile Platform Controller

TM 0.01 s kp 1.2
VM 0.4 m/s kd 0.2
Km 8,000 N/m d 0.4 m
Bm 3,000 Ns/m wE=w 0.15 m
Mm 160 kg l 0.4 m

Haptic devices Smoother

TH 0.001 s K 0.45
dH 0.01 mm m 0.5 kg
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on the motion control law and also on dimensions of the
haptic device original workspace (Barbagli et al. 2005;
Formaglio et al. 2005).

In this section we extend performance analysis to the
case of a two-contact-points mobile haptic system and in
particular we focus our investigation on the case where
the user moves in the large workspace while grasping a
virtual object via the two HD.

Let d be the distance between the workspace centers
of the two HD, l the size of the virtual object and w the
original HD workspace width (Fig. 9).

In such a case, the equivalent workspace wE reported
in Fig. 9 (shaded regions) represents the space in which
both HD can correctly render reaction forces of the
grasped object without reaching their original work-
space boundaries. Note that being the analysis limited to
the x-axis, wE can be easily determined by translating the
object at the two limit cases marked by a and b in Fig. 9,
where one of the two devices has reached its workspace
boundary. The analytic relationship between wE and the
parameters depicted in Fig. 9 can be easily written as

wE ¼ lþ w� d: ð11Þ

The performance analysis problem can be equivalently
recasted as a performance analysis problem for a MHD
with a single-contact-point as in Fig. 10 where the mean
point xH corresponds to the displacement of this

equivalent contact point from the center of the equiva-
lent workspace whose length is wE.

3.4 Controller design

Relying on the equivalent model, it is possible to exploit
experimental criteria introduced by Formaglio et al.
(2005) in order to design a proportional-derivative
controller C(s) in Fig. 6 which improves dynamical
performance of the system from a transparency view-
point. This design methodology is referred to particular
sets of position input signals for the MHD, such as step
inputs, ramp inputs and sinusoidal inputs. Although for
each of them there exists a different design procedure,
their common feature consists of determining kp, kd, i.e.
the proportional and derivative gains of C(s), respec-
tively, which guarantee that the tracking error always
holds within the equivalent workspace bound for every
input signal of the related set, i.e.

xHðtÞj j\wE

2
; 8 t: ð12Þ

In particular, for the MHG we consider position
ramp input signals, which better resemble the typical
movements that an user can perform to move the
grasped object inside a large virtual environment. Given
VM the maximum allowed velocity for the mobile plat-
form, as performance specification we desire the MHG
to transparently track all input ramps featuring a slope
V £ VM. We recall that here for transparency we mean
that the boundary of the HD workspace are not reached
during the MHG motion.

According to results introduced by Formaglio et al.
(2005), first the proportional gain should be chosen s.t.

kp �
Bm

KmwE
VM ¼

Bm

Kmðlþ w� dÞ VM; ð13Þ

Fig. 7 Block scheme of the smoother

Fig. 8 A typical configuration of the end-effectors: the arithmetic
mean xH between xE, L and xE, R represents the mobile platform
tracking error, and it determines an unique trajectory to be tracked
by the MP

Fig. 9 The equivalent workspace (shaded regions) for a MHG
depends on structural and software parameters
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where Bm and Km are the mobile platform parameters
which appear in relationship (3). The condition (13)
guarantees that at the steady state, (12) holds, i.e.

xHð1Þj j\wE

2
: ð14Þ

Now a proper value of the derivative gain kd should
be selected to prevent the tracking error xH from
exhibiting overshoots, which may result in violating the
(12) at a certain time instant t < ¥. To this purpose, kd
can be graphically chosen in the shaded region depicted
in Fig. 11 where the modes of the tracking error xH are
all stable and real thus satisfying the condition (12). In

Formaglio et al. (2005) we proved that boundaries of the
region depicted in Fig. 11 can be easily computed and
only depend on the parameters (Mm, Bm, Km) of the
mobile platform.

Summarizing, relying on the case of grasped object, a
suitable PD controller is designed such that the reference
signal xC commanded to the robot is

xC ¼ ðkp þ skdÞxH ð15Þ

which corresponds to choose in the block diagram of
Fig. 6

CðsÞ ¼ kp
2
þ s

kd
2

� �

kp
2
þ s

kd
2

� �� �

: ð16Þ

The controller design strictly depends on hardware
parameters, such as w and l, and software features like
dimensions of to-be-grasped virtual objects. This means
that typology and dimensions of virtual objects which
can be grasped, parameters of the device and dynamical
performance of the MHG are deeply related each other,
thus designing hardware and virtual environments can-
not be approached independently, but should be jointly
developed to best exploit MHG functionalities.

4 Software design and implementation

This part of the paper presents the software design of the
MHG. The software for the MHG system has been
developed in the framework of the Haptik Library (de
Pascale et al. 2004; The Haptik Library Developer’s
Manual—http://www.haptiklibrary.org). Haptik is a
small open-source library with a component-based de-
sign [see Microsoft COM (Microsoft Component Object
Model, COM—http://www.msdn.com) and OMG
CORBA (OMG Common Object Request Broker
Architecture, CORBA—http://www.corba.org)] for
introductory material on the component model] which
provides a hardware abstraction layer to access HD
from different manufacturers in a standard way. The
first contribution of using Haptik is that it allows to re-
use existing software to build most of the new mobile
system. The second contribution deals with the grow of
the library itself. In fact, support for MHD is now
provided through an additional plug-in for the library,
the Mobile plugin, and is available to old and new
applications, in a binary compatible way.

The rationale behind the design of the software for
the MHG is the concept that every mobile haptic device
can be seen as a grounded device with a huge workspace
(Fig. 12). This abstraction still holds when considering
more than one device, even if they actually share the
same mobile base as in the case of our system. Therefore
the whole MHG system, which is actually composed of a
mobile platform with two grounded HD, from a soft-
ware point of view can be seen simply as two MHD,
which in turn are equivalent to two grounded HD with
large workspace. It is worth noting that this abstraction

Fig. 10 The equivalent single-contact-point configuration which
represents the two-contact-point system while grasping a virtual
object

Fig. 11 Controller design for ramp response. The shaded region
represents the values (kp, kd) ensuring no overshoot
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allows algorithms written for two or more grounded
devices to work unchanged in the new mobile scenario.
Therefore, existing applications can be easily re-used by
extending the software that handles the grounded HD to
support the new mobile haptic device abstraction.

Haptik is the natural framework for such an exten-
sion since it has powerful facilities for accessing many
HD through a standard API, its runtime-loaded plugin
structure allows for out-of-the-box addition of new
features even on top of existing applications and finally
the library has native support for building plugins that
extends the capabilities of devices exposed by other
plugins.

Thanks to this design, the software for the MHG has
been built mostly on top of existing software. In fact the
higher level virtual environment, the grasping and
physical simulation as well as both graphic and haptic
rendering, are all provided by the Grasp3D software, an
application which has been re-used unchanged from a
previous research project (De Pascale et al. 2005) fo-
cused on grasping. Furthermore, access to the two
grounded devices is already provided by the Haptik
Library, therefore the only new code that has actually
been written regards the motion control and the com-
munications with the mobile robot.

In what follows we provide a brief overview of the
main features of the Haptik Library, with a special
attention to the aspects regarding the MHG system,
followed by a more detailed description of the software
for the MHG and in particular of the mobile Plugin.

4.1 Overview of the Haptik Library

Haptik is a component-based library which provides
easy yet powerful low-level access to haptic-enabled
hardware through a robust API which hides the details
and limitations (hard dependencies from particular dri-
ver version and installed DLLs/SOs, different access
paradigms and coordinate systems, lack of binary

compatibility, just to name a few) involved with direct
usage of the many different native APIs used by each
manufacturer. Interested readers are referred to online
documentation (The Haptik Library Developer’s Man-
ual—http://www.haptiklibrary.org) for further details
on the Haptik Library.

4.1.1 Device components and interfaces

Within Haptik each haptic device is represented by a
device component which encapsulates the code and data
needed to access and control a particular piece of
hardware. Operations on these device components (e.g.
reading state, sending forces, etc.) can be performed
through one of the exposed interfaces1, a run-time
mechanism which can be thought as a collection of
invokable methods.

Haptik’s device components usually expose more
than one interface: a standard interface (IHaptikDevice)
is guaranteed to be always exposed by any device com-
ponent, thus allowing all applications to work with any
haptic hardware device, while, in addition, each device
component can implement custom interfaces to expose
special features of a particular hardware.

4.1.2 Plugins

Implementation of device components is not hard coded
inside the library itself but is provided by a series of
plugins. Usually each plugin supports all HD from a
particular manufacturer, but they are not restricted to
just wrapping the native API of a particular hardware
and can also provide software only implementation of
virtual devices, as well as extending the behavior of other
components: through a mechanism referred to as inter-
nal recursion, plugins can use devices components from
other plugins to implement their own extended devices.

Haptik’s plugins are loaded at runtime by the library,
therefore support for new devices can be added to old
applications by simply adding the related plugin.
Moreover, all dependencies on a particular hardware/
software configuration are circumscribed to a single
plugin, therefore this runtime loading scheme allows
applications to use any supported devices without being
strictly depending on any of them.

4.2 Software architecture

The software architecture of the MHG is reported in
Fig. 13.

The simulation of physics along with the graphic and
force rendering are all performed by the Grasp3D
application (De Pascale et al. 2005). This is a C++

Fig. 12 A two contact point mobile haptic system can be seen as a
grounded system featuring two haptic devices with a huge
workspace

1Note that in order to avoid confusion throughout this work the
term ‘‘interface’’ refers only to the software primitive of the com-
ponent model and has never been used to refer to a haptic device.
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program [based on DirectX (Microsoft DirectX Multi-
media Libraries—http://www.msdn.com/directx) for
accessing graphic hardware, Haptik for accessing the
HD, and Novodex SDK (The NovodeX physics
engine—http://www.ageia.com) for simulating rigid
body dynamics] which allows to grasp virtual objects
using two grounded HD as shown in Sect. 2.2 (Fig. 14).
The use of Grasp3D for the MHG has been achieved by
simply choosing, on startup, devices exposed by the
mobile plugin.

The mobile plugin provides the implementation for
the MHD abstraction, by extending the behavior of the
two grounded devices, and controls the motion of the
mobile platform. Haptik acts as an initialization-time
glue to establish connections between the Grasp3D
application and the mobile plugin as well as the provider
of access to grounded HD.

The PC hosting the Grasp3D application runs the
WindowsXP operating system while the mobile robot

hosts a GNU/Linux box. Communication between the
two computers is provided on a wired lan connection
through standard socket-based network connectivity.

4.3 The mobile plugin

The mobile plugin is an extension plugin (i.e. it does not
access haptic hardware directly) for Haptik which per-
forms the following actions:

• Access grounded HD through Haptik
• Communicate with the mobile robot through its API
• Implement the new mobile haptic device abstraction
by combining state information from the grounded
HD and the mobile platform.

• Drive the mobile robot using the control algorithms
described in Sect. 3.2.

Access to HD is achieved through the Haptik internal
recursion facility previously described. In this way the
mobile plugin, and therefore the MHG, works inde-
pendently from the HD that are mounted on its mobile
base.

This allows the implementation of the device com-
ponents providing the MHD abstraction to be pretty
straightforward as it only performs the very few opera-
tions needed to change between the various coordinate
systems involved. In more details, the reference frame
returned to the upper layer is a composition of the ref-
erence frame reported by the grounded device with the
current estimated reference frame of the mobile plat-
form. Similarly forces are transformed from the world
frame back to the reference frame of the grounded de-
vice before being applied. All other operations are sim-
ply forwarded on the interface exposed by the
corresponding grounded device component.

The core of the plugin is the implementation of the
control algorithm described in the Sect. 3.2: the mean
position of the two end-effectors is used to drive the
position of the mobile platform.

Data exchange between the controller and the device
components is performed through a globally shared
structure. Each component uses the platform reference
frame stored by the controller to compute its world
frame, and stores the position of its corresponding
grounded device for use by the controller.

This design allows the asynchronous communications
required for multi-rate execution, and also allows for
easily extending the plugin to work with any number of
grounded HD.

Reading and controlling the mobile robot position is
performed through a simple C++ class which encap-
sulates details on using the Nomad XR4000 own API. It
is worth noting that the device components exposed by
the mobile plugin implements both the standard
IHaptikDevice interface and a new IHaptikMobileDe-
vice interface. This extended interface exposes the same
operations available through the IHaptikDevice inter-

Fig. 13 Software architecture of the MHG

Fig. 14 A screen shot of the Grasp3D application with the user
lifting two boxes
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face but in addition it reports the current reference frame
of both the device end-effector and its base.

This allows old applications using the IHaptikDevice
interface to run unchanged with mobile devices, while at
the same time allows new applications to take advantage
of the extended capabilities of the new IHaptikMobil-
eDevice interface. In particular the base reference frame
reported by this interface can be easily used to move the
user point of view in the virtual environment thus
allowing for a more immersive experience.

5 Experimental application

In this section, we describe a simple experiment aiming
to qualitatively evaluating the overall functionality of
the MHG. To this purpose, an experimental application
has been implemented by re-using the existing Grasp3D
application (De Pascale et al. 2005) with the mobile
plugin presented in this work.

The target is twofold: verifying (1) the tracking of
user’s locomotion by the mobile platform, and (2) user’s
ability to perform virtual object grasping and carrying
exploiting visuo-haptic feedback provided by the system.

As already mentioned in Sect. 3, the prototype device
is realized combining the mobile robot Nomad XR4000
to track user’s motion and two Phantom Desktop HD to
provide the user with a contact point for each hand,
(Fig. 1). The user was both visually and haptically im-
mersed in a virtual environment represented by a room
with side length 3 m. Graphic feedback is provided via a
LCD screen. The experimental task consists in three
phases:

1. Reaching a virtual object placed at a distance of
about 1 m from the starting point

2. Grasping and lifting up the virtual object using both
hands

3. Carrying the virtual object and placing it in another
position placed at a distance of about 2 m from the
initial object position.

The virtual object is a cube with side length
l = 0.4 m and mass m = 0.5 kg. The values of object,
controller and MHG parameters are those reported in
Table 1. Typical motion trajectories of one experimental
run are shown in Fig. 15.

The plots represent left (dashed line) and right (dot-
ted line) end-effector trajectories; the solid line is the
trajectory of the mobile robot, represented by the origin
of the equivalent frame RE. a represents the starting
point of the simulation; b marks the position of the
object to grasp and c is the target destination, where the
object has been released by the operator. The whole
experiment took about 50 s.

During the first phase, the user approaches the object
to grasp and freely moves his hands in the left and right
HD workspace. In Fig. 15 this corresponds to visible
differences between the left and right end-effector tra-
jectories from a to b. In spite of this asymmetry, the
motion control algorithm was able to filter end-effectors
trajectories thus smoothly tracking user’s locomotion.

As regards the second task, i.e. grasping the virtual
object (position b), the user exploited both visual and
haptic feedback to decide the best way to approach the
grasp. The grasping rendering has been implemented as
described in Sect. 2.2 with friction coefficient l=1 and
local model stiffness k in (1) equal to 1&nbsp;mm�1.

Note that from a user perspective this type of grasp is
slightly different from the pinch grasp, since it involves
two hands instead of two fingers of the same hand.
Hence, the user first tried several contacts in order to
familiarize with the object and then definitively lifted it
up (Fig. 16). However, during this transient phase the
motion controller kept the platform almost still.

The final task consisted of carrying the virtual box to
the target destination, and the corresponding trajectories
are those from b to c in Fig. 15. The object trajectory
during the motion is mainly translational and the dis-
tance between the two end-effectors is almost constant as
shown in figure. During this phase, force rendering is
performed while the mobile platform is moving, thus
taking advantage from the smoother (5) to correctly
render the virtual impedance at the two contacts. Note
that for the experimental prototype, the maximum
approximation error which may affect signal x̂M is VM

TM = 4 mm.
Despite the dynamics of mobile platform may affect

the quality of haptic rendering and the overall perfor-
mance of the MHG (Formaglio et al. 2005), the test
users, whose previous experience with VR applications
ranged from naive to expert, never had any troubles in

Fig. 15 Typical motion trajectories. The dashed line and the dotted
line represent left and right end-effector trajectories, respectively;
the solid line is the trajectory of the mobile robot. The grey boxes
depicts the virtual object in its initial (b) and final (c) positions
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performing the task. They all reported that the contacts
with the virtual object felt convincing and stable,
whereas during the carrying phase the box mass and
inertia rendered by the mobile device were rather real-
istic, thus globally perceiving a satisfying level of realism
of immersion.

6 Conclusions and future perspectives

In this paper, a new haptic system which allows to
simulate multi-contact grasping tasks in large environ-
ments, through the use of two standard HD grounded
on a mobile robot has been presented. The main feature
of the MHG is that of extending the workspace for visio-
haptic simulation of grasping that usually suffers from
workspace limitations. The MHG is a robotic platform
that deals with two emerging research lines in haptics,
namely grasping and mobile haptics. The Haptik Li-
brary allowed to exploit synergies with existing software
to set up the overall system. In this framework, some
basic guidelines to design a plugin for mobile haptic
platforms have been provided, and finally an experiment
has been reported to show the viability of this approach.

The proposed architecture features two main
advantages: first the MHG provides the user with an
operating workspace that is potentially unlimited on
the horizontal plane. Hence, the perception of VR can
be augmented by allowing full user’s locomotion inside
the simulated scenarios, thus improving the overall
feeling of immersion. Secondly, from a software point
of view, the implementation of such a system is sim-
plified by the use of Haptik Library, which allows to

easily re-use applications originally designed for
desktop devices.

On the other hand, the main limitation of our current
approach is that we studied and used only two transla-
tional degrees of freedom of the mobile platform with-
out taking into account rotations.

While this simplified analysis provided satisfying re-
sults we think that better performances could be
achieved by considering all degrees of freedom in an
integrated setting. This will be object of our future
investigations. A further limitation of our work is that
we are referring to a mobile base with holonomic kine-
matics. Work is in progress to extend results to non-
holonomic MP.

Regarding software, many enhancements are possi-
ble. The mobile plugin currently works only with the
Nomad XR4000. However, it has been designed to be
easily extended to other robotics MP by encapsulating
all details on a specific mobile hardware in a C++
class. Finally, one of the most exciting results we aim to
is that of implementing a virtual environment where
many MHGs are involved to perform cooperative tasks
within large virtual environments.
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