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Abstract. This paper presents various procedures that can be used in order to numerically
evaluate what the maximumZ−width that can be rendered by a mobile haptic interface will
be given few parameters that characterize the haptic device and the mobile platform that make
up such interface. Such procedures are applied to the case of two different mobile haptic
interfaces. Results are encouraging, even though limitations to the proposed procedure exist.

1 Introduction

The workspace of haptic interfaces varies largely on their design and usage, ranging
from few planar centimeters of the Pantograph [2] to severalcube meters of the
Scaleable Spidar device [3]. Most haptic devices, however,share two main traits:
they are grounded and they have limited workspace. While thisis not a problem
in many applications, it can become one in cases where users need to interact with
large virtual environments while navigating inside of them.

A possible solutions for this problem is to use locomotion interfaces, i.e. treadmill-
like interfaces that simulate some of the inertial feedbackthat a user would experience
while navigating through a large virtual environment [5]. Another possible approach
is to create haptic interfaces featuring unlimited workspace by combining mobile
robots and standard grounded force-feedback devices. Thistype of interface, which
in part resembles thecobot[4], was introduced by Nitzsche et al [1] and is referred
to asmobile haptic interface. In this paper we focus our attention on the latter type
of interfaces (see Fig. 1 for two examples of mobile haptic interfaces).

Haptic interfaces are often described as mechanical impedance transducers. Mo-
bile haptic interfaces are no exceptions, and are thus required to render impedances
ranging from zero, simulating movement in free space, to a maximum valueZmax

that depends on a multitude of factors [6]. TheZ−width characterizing a mobile
haptic interface depends on factors characterizing its twomain constitutive subsys-
tems.

The main contribution of this paper is to attempt to provide some useful guide-
lines on how to select the right combination of a desktop haptic device and a mobile
platform in order to design a mobile haptic interface that will have a certain desired
Z−width. More specifically we will focus our attention on how tocorrectly simulate
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Fig. 1. Two mobile haptic interfaces: a general purpose interface based on theholonomic
Nomad mobile robot and a Phantom Premium 1.5; a more limited interface based on a
non-holonomic Pioneer mobile robot and a Phantom Premium 1.5

free-space movement, i.e.Zmin ≃ 0. In order to do so we will first introduce a sim-
plified model of a mobile haptic interface (Section 2); we will then use such model to
analyze the response of a mobile haptic interface to a given set of input signals that
most closely resemble those of the users (Section 3); finallywe will compare such
results to a set of experimental results obtained on different mobile haptic interfaces
(Section 4). While the simplicity of the proposed model may lead to some error in
our analysis, its usage allow the results obtained to be easily interpretable.

2 Modelling mobile haptic interfaces

Mobile haptic interfaces (MHI) are made up of two main components: a mobile
platform (MP), such as the holonomic Nomad or the non-holonomic Pioneer mobile
robots in Fig. 1; an impedance-type haptic device (HD), suchas the Phantom device
in Fig. 1, grounded to the mobile platform. The former robotstypically feature high
inertia and are normally position controlled. The latter normally feature low inertias
and high levels of transparency and are normally controlledin force.

In order to transparently render any impedance inside an unlimited environment
we propose a simple control algorithm, which mimics the one proposed by Nitzsche
et al. in [1]. The basic idea is that the MP should be position controlled to track the
movements of the operator, thus allowing the HD to always be in the center of its
workspace. This has two main advantages: it allows the HD to render forces on the
operator in a configuration of maximum structural stiffness; and it allows the HD to
never reach its workspace limits, a situation in which spurious forces would be felt
by the operator thus destroying the overall sense of transparency. On the other side,
forces are rendered by the HD using standard constrained based methods such as the
proxy algorithm [7].

Let ΣW be the base reference frame which is attached to the world andΣM the
reference frame attached to the mobile platform base.
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Fig. 2. Control scheme for a mobile haptic interface: the left side of the picture represents
the interaction force rendering algorithm while the right side represents theposition control
algorithms for the mobile platform.

In order to control the position of the MP we propose a simple PD controller
as depicted in Fig. 2 (right side), whereXp represents the position of the HD end
effector with respect toΣW , Xmr the position of the MP with respect toΣW , ep

is the position of the HD end effector with respect toΣM (as well as the tracking
error for the mobile platform),Xref (s) = C(s)ep(s) is the position commanded to
the MP,C(s) is the transfer function of the MP control algorithm, andH(s) is the
transfer function representing the MP.

In order to control the interaction forces between user and virtual environments
we use a classic scheme that was introduced by Colgate in [6],see Fig. 2 (left side)
whereXp has been defined above,D(s) is the haptic device transfer function,P (z)
is the discrete time transfer function of the virtual objectimpedance, and ZOH is a
zero holder hold. Note that while this simplified model is normally used to represent
virtual walls it can be generalized to more complex cases by adding a collision
detection block.

The MP can be modelled as a mass-damping system subject to actuator forces,
which are modelled using a spring. Thus in the case of the MP wehaveFmr(s) =
KmXref (s) − BmsXmr(s) yielding transfer function

H(s) =
Km

s(Mm s + Bm)
=

Xmw

Xref

. (1)

While this is far from being an exact dynamical model of a mobile robot and cannot
account for non-linear effects that are present in reality,it has the advantage of being
simple and of being characterized by a small set of parameters that can easily be
interpreted and identified. Both MP that were employed during the experimental
phase have been modelled using this approach.

A PD controller is chosen in order for the platform to track the position of the
user with respect to the world, i.e. to bringep to zero. ThusC(s) = sDm + Pm.

The HD can also be modelled as a mass-damper system such that

D(s) =
1

s(Mhs + Bh)



4 Barbagli, Formaglio, Franzini, Giannitrapani and Prattichizzo

and similarly the impedance model of a virtual object can be chosen as a discrete
spring-damper system, yieldingP (z) = Dh

z−1
zT

+ Ph whereT is the haptic servo-
loop period.

3 Performance of a mobile haptic interface

The Z−width of a MHI depends on how MP and HD are controlled. Standard
HD are typically designed in order to have low reflected inertias and friction, i.e.
Zmin ≃ 0, while Zmax normally depends on the servo rate at which the device can
be commanded [6]. The addition of a MP, whose inertia is usually fairly large and
whose dynamics are normally slower than those of the HD, has little implication on
Zmax but major implications onZmin. When a user is slowly examining a virtual
object by touching it with the HD the MP basically does not move, and thusZmax

is determined by the HD alone. When a user moves in free space, on the other side,
the MP may lag behind the HD, leading the user to feel spuriousforces due to the
HD workspace limitations, i.e. experiencing aZmin > 0. In such case the control
scheme on Fig. 2 ceases to be valid andu is determined by the contact with the
workspace limits of the HD.

The goal of this section is to analytically determine which free space motions
of the user will result in a correct impedance being renderedby the MHI. Thus
we seek to determineXp such thatep < Xws with Xws workspace limits of the
HD. Such analysis will focus on three main types of inputs that closely resemble an
operator’s movements: step input, ramp input, and sinusoidal input. It is important
to note that our analysis only applies to steady-state behavior of the system. This
does not cover all possible scenarios, since during transients the HD could reach its
workspace limits, and thus the analytical results proposedin the following sections
must be considered as rough indicators of performance.

3.1 Step displacement

What is the maximum step displacementXp(t) = Ag, (t ≥ 0), that can be correctly
rendered by the MHI? Let us consider an ideal step signal of amplitudeAg. At time
t = 0+ we have

Xmr(0
+) = 0 and Xp(0

+) = Ag

i.e. while the system output is still at zero the input has jumped toAg. In this
caseep(0

+) = Ag, i.e. the haptic device is at aAg distance from the center of its
workspace, and thus it is necessary1 that the maximum amplitude of a step position
signal applied to a MHI is such thatAg < Xws.

3.2 Ramp displacement

What is the maximum ramp displacementXp = VRt that can be correctly rendered
by the MHI? Let us consider an ideal rampXp = VRt. The MP model of Fig. 2

1 but not sufficient due to the lack of knowledge of what happens duringtransients
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follows such input with a finite steady-state error, sinceH(s) has one pole in the
origin. Such error is given

ep(∞) = lim
s→0

(

1

sC(s)H ′(s) 1
s

)

VR =
VR

Kv

whereH(s) = H ′(s)/s. Note however that the maximum error between HD
and MP positionsemax is reached during the transient and can be found using

epo ,
emax − ep(∞)

ep(∞)

whereepo does not depend on the slope of the ramp but only on H(s) and C(s). Given
that emax is proportional toVR, sinceemax = (1 + epo)

VR

Kv
, by experimentally

determining the value ofepo for a given MP, we can then computeemax. In order
for emax < Xws to be true, when applyingXp(t) = VRt, VR must be such that

VR <
Xws Kv

(1 + epo)
(2)

3.3 Sinusoidal displacement

What is the maximum amplitude/frequency ofXp = Assin(ωt) that can be correctly
rendered by the MHI? Referring to Fig. 2 it is possible to computeG(s) such that
ep(s) = G(s)Xp(s). Given the linearity of the overall system we have

ep = As‖G(jω)‖sin(ωt + ∠(G(jω)))

and thus in order forep ∈ (−Xws;Xws), inequalityAs‖G(jω)‖ < Xws must
hold. SinceG(s) has high-pass filter behavior, higher-frequency sinusoidsmust have
lower amplitude in order for the MHI to track them and viceversa.

In other terms it is always possible to compute a region of the(ω,As) plane,
I = {(ω,As)/(ω,As) : As‖G(jω)‖ < Xws} , that represents the sinusoidal inputs
that can be correctly rendered by a MHI. Moreover curveγ : As‖G(jω)‖ =
Xws representing the border betweenI and the rest of the(ω,As) plane can be
numerically computed.

4 Experimental results

In order to validate the theoretical results presented in Section 3, several experimental
tests have been carried out, using the Phantom Premium 1.5 haptic interface and the
mobile platforms Pioneer2 DX and Nomad XR4000. The latter isa fully holonomic
robot, featuring high levels of inertia, whereas the formeris an agile differential
drive (non-holonomic) robot.

A preliminary set of experiments has been conducted to identify the model param-
eters of each robot. For this purpose, several sets of input-output data{Xref , Xmr},
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corresponding to different kinds of input signals (square waves, ramps, sinusoids)
have been collected, and the values of the parametersKm, Mm, Bm character-
izing the transfer functionH(s) (see Section 2) have been tuned, by comparing
the actual and simulated outputs. Once the robot models wereavailable, a suitable
PD controller has been designed to guarantee closed-loop stability and to achieve
satisfactory tracking performance.

Two experimental setups have been considered, combining the HD with each
MP. All tests have been performed along a single degree of freedom and for each
experimental trial, the actual tracking error has been compared to the one predicted
by the corresponding model. As pointed out in Section 2, the tracking errorep

corresponds to the displacement of the end-effector w.r.t.the center of its workspace,
thus being directly available from the readings of the haptic interface encoders.

In order to verify the ability of the models to predict whether a given inputXp,
belonging to one of the signal classes considered in Section3, would cause the end-
effector to reach the limit of its workspace, several signals within each class have
been applied to the haptic device end-effector. During all the experimental trials,
it was supposed that the maximum desired displacement of theend-effector from
the center of its workspace wasXws = 150 mm. In Fig. 4 and 5, the results of
typical experimental tests, involving the Pioneer2 DX and the Nomad XR4000 MP,
respectively, are shown.

4.1 Step displacement

In a first set of experiments, step displacementsXp(t) = Ag, (t ≥ 0), with different
amplitudes, have been used as reference signals. The ideal step has been generated
by fixing the haptic device’s end-effector to a given position Ag to the side of the
center of the workspace, before the robot starts the tracking. As correctly predicted
by the models, the results obtained with both MHI configurations confirmed that as
long as the amplitude of the Step displacements is inside theworkspace limit, the
end-effector will never reach its maximum extension (see Fig. 4(a) and 5(a)).

4.2 Ramp displacement

Secondly, Ramp displacementsXp(t) = VRt have been considered. In order to move
the haptic device’s end-effector with a constant velocityVR, a second mobile robot
was used. Thus, while the MHI stood still, another mobile robot was accelerated in
order to reach a desired velocityVR (see Fig. 3) and then hooked up to the MHI
end-effector (through a velcro connection), thus excitingthe MHI with the desired
reference signal. With this kind of inputs, the behavior of the two MHI configurations
is significantly different. As far as the Pioneer platform isconcerned, it turns out that
the maximum error is reached during the transient (see Fig. 4(b)-4(c)), whereas the
MHI employing the Nomad robot reaches its maximum tracking error at the steady
state (see Fig. 5(b)-5(c)). This is due to the different controller parameters, which
make the Pioneer platform exhibit a remarkable overshoot. The maximum tracking
error of the Nomad MHI is almost proportional to the input velocity, as predicted by
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the theoretical analysis, contrariwise to the Pioneer behavior, manifesting nonlinear
phenomena.

Fig. 3. A mobile robot is used to excite the MHI with a ramp signal: (left) the mobile robot is
accelerated to reachVR velocity; (middle) the mobile robot comes into contact with the MHI
end effector; (right) the MHI end effector starts moving.

4.3 Sinusoidal displacement

The last set of experiments have been performed with sinusoidal inputsXp(t) =
As sin(ωt), featuring different amplitudesAs and frequenciesω . Such reference sig-
nals have been generated by a human operator who, with the aidof periodic acoustic
and visual stimuli, moved the haptic device’s end-effectorsideways, approximately
describing a time dependent sinusoid.

The experimental results obtained with sinusoidal inputs support the intuition
that, in order to confine the tracking error within the workspace limits, the maximum
admissible amplitude is roughly inversely proportional tothe sinusoid frequency. In
this case, the maximum tracking error predicted by the Pioneer MHI is significantly
bigger than the actual one, thus resulting in more conservative constraints on the
admissible sinusoidal inputs (see Fig. 4(d)-4(e)). This means that a more extensive
model identification phase is needed. On the contrary, the maximum predicted and
actual error for the Nomad MHI are very close (5(d)-5(e)). Due to the inaccuracy
of the man-made sinusoidal references as well as nonlinear phenomena, the actual
tracking error may exhibit trends and/or non-zero mean.

In summary, the performed experimental phase confirmed the viability of the
presented theoretical analysis, showing that it may serve as a useful tool for the
evaluation of MHI’s performance limitations. Despite the difficulty to accurately
reproduce the time evolution of the tracking error, the procedures proposed in this
paper were able to correctly predict the outreach of the HD workspace.

It is worth noticing that, due to the simple structure of the chosen robot model,
the resulting theoretical limitations on the trackable input signals may be somewhat
conservative. Of course, a noticeable improvement would beachieved by adopting
more sophisticated robot motion models and carrying out more extensive parameter
identification campaigns.

We conclude this section pointing out some technical problems encountered
during the experimental phase.
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(a) Step input:Xp(t) = 100
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(b) Ramp input:Xp(t) = 300t
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(c) Ramp input:Xp(t) = 500t
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(d) Sinusoidal input:
Xp(t) = 50 sin(2π0.6t)
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(e) Sinusoidal input:
Xp(t) = 150 sin(2π0.6t)

Fig. 4. Experimental results with the Pioneer2 DX mobile platform and different input signals:
actual (solid line) and predicted (dashed line) tracking error. Thick solidlines represent the
desired maximum error, due to workspace limits.
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(a) Step input:Xp(t) = 110
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(d) Sinusoidal input:
Xp(t) = 250 sin(2π0.2t)
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(e) Sinusoidal input:
Xp(t) = 300 sin(2π0.2t)

Fig. 5. Experimental results with the Nomad XR4000 mobile platform and differentinput
signals: actual (solid line) and predicted (dashed line) tracking error. Thick solid lines represent
the desired maximum error, due to workspace limits.
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- The generation of accurate sinusoidal reference signals by means of a MP was
not possible due to spurious movements during the inversions of the motion direction.
In these situations the Nomad platform suffers from the problem of sudden wheel
steering, while the requested acceleration makes the Pioneer robot slip. The same
undesirable phenomena are experienced when the MHI tries totrack a man-made
sinusoidal input.

- The range of testable reference signals is severely limited by a number of factors.
First, the movements of the robots are constrained by the length of the Phantom
Premium 1.5 cables (roughly 2 meters). Secondly, for safetyreasons, special caution
must be used when using the Nomad platform, which basically results in limiting the
maximum admissible speed of the reference signals. Finally, special care should be
devoted for preventing the controller to excite un-modelled dynamics or inevitable
nonlinearities (e.g., actuator saturations).

- The communication between the haptic device and the MP occurs via serial link
(Pioneer robot) or Ethernet connection (Nomad robot). Thisintroduces significant
delays and degrades the tracking performance.

5 Conclusion and future work

This paper presents various procedures that can be used to pre-evaluate if the min-
imum impedance that can be rendered by a MHI can be made equal to zero. The
proposed procedures are shown to match the real behavior of two MHI with different
features. However such procedures have limitations, mainly due to the fact that they
can only account for steady state behavior and that MHIs are modelled as linear
systems. Thus the proposed procedures should only be considered as qualitative
indicators of the likely performance of an MHI, and not as exact ones.
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