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Abstract. The apparent mass of haptic device end-effector depends on its po-
sition inside the workspace. This paper presents a recursive algoritdeteot
effective direction of gravity force, and to automatically estimate the appar
mass of the end-effector when placed at the vertices of a cubic gridined

into the device workspace. Then an on-line technique is proposed telgctiv
compensate gravity, exploiting trilinear interpolation to compute an estimate of
end-effector apparent mass in any position of the workspace. iExgetis have
been performed with three different haptic devices, and results shmatrthe
apparent mass of the end-effector is compensated almost honoogéneiith
respect to its position in the workspace.

1 Introduction

In the last decade impedance force-feedback devices haare $ieongly improved
thanks to both mechatronic and software developments. Amseguence, improved
performance devices at lower prices are available todafgrasxample the Phantom
Omni [3] or the Falcon [1]. Thanks to technological devel@gmty using haptic de-
vices has become a common practice in many disciplines suctedicine, where these
devices are used as training systems for laparoscopy andsuigery [16]. Besides,
haptic devices represent also an important tool to studyitieg and physiological
mechanisms involved in manipulation tasks, as for exampRsychophysics or Neu-
rophysiology [15], where the interest of experimentersfisrofocused on measuring
finger motion, trajectories or exerted forces. In all thegpliaations friction, inertia,
and apparent mass characterizing the haptic manipulgicegent a disturbance which
can strongly affect experimental results.

This paper deals with the problem of gravity compensatioméptic systems. Sev-
eral works can be found in the literature where differenhiégues are employed in
order to actively cancel effects of gravity on haptic matapars [5, 6,9, 14]. Although
the large variety of approaches, they share some commam Eanerally, gravity com-
pensation is based on the knowledge of device kinaematictherwise force sensors
are used in order to achieve device mechanical transparency

The contribution of this work consists in introducing a nlogpproach for grav-
ity compensation to cancel effects of gravity force on thd-effector. Since most of
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commercial haptic interfaces feature 3DoF and 3-dimemrdinrkspace, the proposed
algorithm has been designed to work with a 3DoF haptic devithis has the main
advantage of making gravity compensation independent frenparticular kinaemat-
ics characterizing the device. In fact, it is well known tlia@ mechanical properties
computed at the end-effector directly depend on the paatigaint configuration of
the kinaematic chain [12]. For example, @ygparent mass M(q) at the end-effector, is
the equivalent point-like mass due to all gravitationaltdbations acting on the whole
manipulator in the joint configuratial For the sake of simplicity and motivated by the
fact that most of the common haptic devices have three degfdeeedom, we choose
to formalize the problem of compensating the apparent nmaisei 3D task space in-
stead of the joint space. The proposed algorithm considtgmimain phases:

Off-line mass estimation. A recursive procedure is applied to estimate direction of
gravity, to partition the workspace using a cubic grid, amédtimate the apparent
mass at each vertex of the grid. Each vertex mass is estimateg proportional-
derivative (PD) position controller whose parameters ddpms the mass estimated
at the previous step [7]. The same PD controller is also ugeddve the end-
effector to the next vertex of the grid.

On-line gravity compensation. Once the mass has been estimated at each vertex of the
cubic grid, on-line gravity compensation is performed gditlinear interpolation
to compute the apparent mass for each position internaktgrild cubes.

Validation experiments have been carried out with thredibamerfaces, with en-
couraging results.

The remainder of this article is structured as follows: ®ec? shows the dynamical
model of the system. Section 3 decribes the off-line auiiocgion, while Section 4
presents the on-line gravity compensation. Section 5 texperiments and results.
Finally, in Section 6 conclusions are drawn and future pegBpes are discussed.

2 Modeling the system

2.1 End-effector point-like dynamics

The end-effector has been modeled as a point-like positependent madd, subject
to dampingB, to gravity G and to actuators force, according to the following non-
linear dynamics:

M (X)X 4+ B(X)X +G(X) = F (X, X) (1)

whereX € R3 is the end-effector positioh (X), B(X) € R¥*3 andF (X, X),G(X) € R3.
Generally, as transparency is a design requirement fordanpee devices, damping
factors represented B(X) are negligible, while the gravitational ter®(X) must be
taken into account, and requires a gravity compensatiotraldo be cancelled. Hence,
equation (1) becomes:

M(X)X +G(X) ~ F(X,X). )
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2.2 Feedback-linearizing controller

The algorithm proposed in [7] exploits a PD controller tochtiie end-effector at the
position where the apparent mass must be estimated. Hénecégrce applied to the
end-effector by actuators is computed as:

F(X,X) = kp(Xp — X) — kpX + Fg(X) (3)

wherekp andkp are the proportional and derivative coefficierfs, represents the de-
sired position to track, anBs(X) is the desired gravity compensation term.

The system represented by equation (2) has a known norritinigats inertial term
M(X), hence the PD parametd¢sandkp can be chosen in order to linearize the closed-
loop system. In the literature, this approach is referreasteedback linearization [11],
and allows to come up with a transformation of the open-logpesn yielding a closed-
loop linear system. The PD parameters can be defined as:

ko(X) = aM(X) and ke(X)=BM(X) (@)

wherea, 3 € R, anda, 3 > 0. Equation (2), combined with the linearizing controller
(4), becomes:

X =—aX+B(Xp —X) (5)

which is linear and asymptotically stable. The parametessd 3 can be chosen ac-
cording to desired design specifications in terms of raise Ty and steady state error
which, characterize the time response to unit step inp{its [4

2.3 End-effector velocity filtering

A common issue that arises while implementing hapticallgtded applications is due
to sampling, and regards the noise which typically affeata@ed-time signal repre-
senting end-effector velocity. After a review of most relet/works in the literature, the
adaptive filtering technique introduced in [10] has beenl@mgnted. It allows to get a
smooth velocity signal without increasing phase delayfmdesed it may happen using
a common low-pass filter. The employed filter is referred tdiasrete-time First Order
Adaptive Windowing (FOAW) filter.

Common discrete-time filters typically elaborate the sawghlling into a fixed
time window, e.g. FIR filters. The window size should be shxirder to bound time
delay, and to take into account fast velocity changes. Orother hand, the window
should be larger in order to produce more accurate estimates

The FOAW filter originates from FIR filters but its time winddvas a variable size,
changing according to a simple adaptation rule Xt R3 be the end-effector position
sample at thé!" time instantd = ||Ex||» is the peak norm of measurement noige
and determines the uncertainty interval for each sanipis,the sample time. Then the
time window sizen is computed as the maximum integer such that:

- - X~ X n
i — Xeen—iTelpl| <d, ¥ 1,2,...,n}, I, =
[ Xi—ni — X« iTelnl| ie{ n} n X Xl

3
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wherel,, is a unit vector identifying the straight line in 3D spacetthasses through
the samplex andXy_n. In other terms, the time window should have the maximum
size such that the line identified by passes through uncertainty interval of each sam-
ple falling inside the window. As the sizeis set, the estimated velocity sampMeis
computed as: L

V= nTe (xk - Xk—n) (6)

3 Off-line autocalibration

The off-line autocalibration consists of a sampled-timeursive algorithm aiming at
estimating the parameters required to setup the gravitypeosation. Recursion re-
gards the apparent mass estimatid(X;) at the positionX; and PD parameteig(X)
andkp (X). In the following, initialization and recursion rules asported, and the flow
of the whole autocalibration agorithm is shown.

3.1 Initialization

A simple paradigm is applied in order to detect directiontaf gravity vector, in case

the device would be displaced in a different orientatiomfrthe standard one, and
to achieve an intial rough estimation of end-effector appamass. User is asked to
manually bring the end-effector almost in the center of itwkspace, then a central
elastic force field (with user-defined stiffnelgit) is activated in order to hold end-
effector hanged to the position choosen by the user. At gtetate, the positioning

error between field center and actual end-effector positiaised to detect gravity and
to get an initial rough mass estimate.

Let Xc € RS be the position choosen by the user, as well as the centee dbtbe
field. LetX(t) € R® be the actual end-effector position at time instarithe force field
is defined as:

F (1) = kit 0% — X (%))
The steady state positiofi(c) is considered to be reached as soon;gsconsecutive
samples fall within a spherical interval of radigg, whereeg,;; is a sufficiently small
parameter defined by the user. Hence, the unit vector regiegehe desider direction
of gravity compensation is computed as:

X() =X

VG =1 (7
[[X(e0) = Xc|
while an initial rough mass estimation is computed as:
~ k — X(o0
v _ e = X(@)]| @®

g

whereg = 9.813. As already mentioned, recursion applies also to PD paemyet
which depend on end-effector apparent mass in order to &sleinearize the system.
Hence, PD parameters are initialized as:

kp(0,0) = aMo and kp(0,0) = BMo (9)
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The last initialization procedure consists in creating ¢heic grid which discretizes
the device workspace. The cube side lergtk a user-defined parameter. For the sake
of simplicity, henceforth we will assume that the algoritlrarks in a cubic subspace
entirely contained inside the device original workspaeaying the extension to the
whole workspace to future developments. Hence, the culldgycreated starting from
the origin of the device reference fram&, = (0,0, 0), then the other grid vertices are
defined agnL, mL, pL), wheren, mandp are integers belonging to the interyaiN, N],
beingN such that the entire grid is contained within the device wpéce.

3.2 Mass estimation recursion rules

In order to estimate the apparent mass at each ve¢tean iterative technique intro-
duced by De Luca and Panzieri in [7] is used. In what follows, lwiefly report the
basic idea. LeX; be theit" vertex where the mass must be estimated, wiile the
current position, available from haptic interface enced@rPD control scheme is used
to bring end-effector towards the desired vertex posi¥orThe steady state tracking
error betweer¥; and the actual positioX is used to get an estimation of the gravity
force. This procedure is iterated to obtain a mass estimafioX;) at theith vertex.
Hence, at thg'" iteration step, the force to render at the end-effector ispated as:

Fi(X,V) =kp(i, ) (X —X) — ko (i, | )V + Mj (X )gve. (10)

whereV is the filtered signal representing the end-effector viyoThe termM; (X )gve
represents the gravity compensation contribution contpatehejth iteration, aligned
with the directionvg, previuosly detected. The apparent mass estimation istegbda
steady state, according to the following recursion rule:

ke(i, J)[[%i —X
200 = LX), )
whereMp(X;) is initialized to the mass estimated for the closest previ@rtex:
Mo(X) = M(X;-1). (12)

Theith vertex mass estimatidv (X)) is achieved as soon ag consecutive samples
fall within a spherical interval of radiug,, wheregy, is a sufficiently small user-defined
parameter. The procedure is then iterated for the nextwagevell.

While estimating apparent mass at tifevertex, PD parameters used at tig
iteration are based ofj — 1)'" mass estimation. Hence, the following recursion rule is
used:

ko(i,) = aMj_1(X) and ke(i, ) = BM;j_1(X) (13)
On the other hand, while the PD controller is used to move tidesffector towards the
next vertex, PD parameters are computed relying on massagin at the previous
vertex, and such values hold as initialization for the massmation in the next vertex.
Hence: A A

ko(i,0) = aM(Xi—1) and kp(i,0) = BM(Xi-1) (14)

The off-line autocalibration is summarized in Algorithm 1.
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Algorithm 1 Off-line autocalibration
1: initialize

detect gravity directiong (EQ. 7)
3. initialize masMg (Eq. 8)

4 initialize PD parameterig(0,0),kp(0,0) (EqQ. 9)
5: for each vertex do
6

7

8

goto positionX; (Eg. 10)
repeat
update maskl;(X) (Eq. 10 and 11)

9: update PXp(i, j),kp(i,j) (Eq. 13)
10: until ny consecutive samples within a sphere of radiys
11: initialize mass for next vertex (Eq. 12)
12:  initialize PD for next vertex (Eq. 14)
13: end for

4 On-line gravity compensation

On-line gravity compensation is performed while using thpédance device in virtual
reality applications. It consists of applying a force cdnition in addition to haptic
rendering implemented in the end-user application.Zgebe the virtual environment
impedance, the total force to apply to the end-effector is:

F(X) = Ze(X) +Fs(X) (15)

whereX is the end-effector position, whike;(X) is the gravity compensation term, and
relies on data acquired during the off-line autocalibmati®ince apparent mass estima-
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Fig. 1. Trilinear interpolation: given the end-effector positidn(red point), the cubey is se-
lected, and estimation of apparent masses at its vertices are used ensatepgravity.

tions are avaliable only at the vertices of the cubic grid\thlue of apparent mass in an
arbitrary positionX of the workspace is computed by detecting which is the culbleeof
grid containing the end-effector, and using trilinear ipt#ation between the mass val-
ues of its vertices (see Figure 1). Let us supposeXhat(x,y, z) is contained inside the
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cubecy, and letX, = (X, Yk, Z) be the vertex of cube having minimum coordinates.
Interpolation coefficients and vertex masses are compusted a

Coefficients: Apparent masses at vertices of atbe
Mo = M (X, Yk Z)
b= (x—x)/L M1 = M(X+ L, Yk, Z)
a=(L—b)/L M2 = M (X, Yk + L, %)
d=(y—w)/L Mz = M(x+L,yk +L,%)
c=(L—d)/L M4— (X, Yo Z+ L)
f=(z—z)/L M (X +L, Yk, z+L)
e=(L-f)/L Me— (% Yk + L,z +L)
M7 = M(%+L,yk+L,z+L)

Finally, the apparent mass used to compensate the graytsitionX is computed as:

M(X) = ecaMg + ecbM; + edaM; + edbM3 + fcaMs + fcbMs + fdaMg + fdbMy

5 Experiments

Experiments were performed using three different hapticds with 3DoF: two, nom-
inally identical Omegas [2] and one PHANToM Premium [13}sEi off-line autocali-
bration was run on these devices to estimate the end-effappmrent mass in a cubic
grid featuring 27 vertices, where each internal cube lhagd40mm side length. The
user-defined parameters whegg; = 0. 5mm, Ninit = Nv = 30 and it = &y = 0.1mm.
All devices were placed in standard orientation.

A probe massnp = 30g was attached at the end effector of each device, andialirt
contact between the probe mass and a horizontal surfacemasted in 27 different
pointsk, inside the cubic grid, with no external actions by the uske Tontact points
were defined aB, = (30, 30j, 30k)mm, wherd, j,k € {—1, 0, 1}. Virtual contact
was rendered using elastic impedance local model, wittneifk = 1%. Experimen-
tal data consist of the steady-state values of virtual patieh AX = ||R, — X|| (also
referred to agpenalty), recorded both with and without on-line gravity compeisat
10 times for eacl®, and for each haptic device.

In Figures 2 we reported experimental results obtained thi¢ht Omega, the ?
Omega and the PHANToM Premium. Each figure reports the meaaltppEsAX (av-
eraged over 10 repetitions) and the corresponding stamgidtions, for each contact
point, with and without gravity compensation. In absencgra¥ity compensation (blue
dotted plots), the end-effector apparent md$X) at positionX adds to the probe mass
mp, and affects the dynamics of virtual contact point. Infact,expected, the steady
state valueg\ X measured by all devices without gravity compensation mayark-
ably change depending on position of contact point, sineeagpparent mass of the
end-effector depends on its position in the task space. ©nottier hand, when gravity
compensation is running (red solid plots), it can be seetttigadependency af X on
the position of the contact point is remarkably reducedpif amost cancelled for all
devices.

7
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Omega Device 1
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Fig. 2. Mean penaltyAX (averaged over 10 repetitions) and related standard deviation, aver co
tact points, with (red solid line) and without (blue dotted line) gravity comagos. The table
on the bottom reports the coordinates of each contact point.
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A further result stems from experiments. If the gravity camgation was exact, the
expected penalty in any position of the workspace would Ke= % ~ 0.3mm. As
represented by the black dashed line in Figures 2, the mewaitpa Xy, averaged over
all repetitions and all point of contacts, obtained withliore gravity compensation, is
equal to 33mm for both Omegas and ta3®mm for the PHANToM, that are very close
to expected value.8mm computed above. In other terndo$y depends almost on the
probe massnp, since the apparent malg X) is cancelled by gravity compensation.

6 Conclusions and future works

This paper presents a technique for compensating effegssity for a 3DoF impe-
dance haptic device. The proposed algorithm consists ofpiwases. The first is an
off-line recursive automatic calibration, in which theesffive direction of gravity force
is detected, and apparent mass of the end-effector is nezhatithe vertices of a cu-
bic grid contained inside the device workspace. The secbadepis the on-line gravity
compensation, and is performed exploiting trilinear iptdation to compute an esti-
mate of end-effector apparent mass in any position insidectibes of the grid. Ex-
periments performed with three devices, shown that theqs®g algorithm is able to
get reliable measures of apparent mass at the grid vertioesto compensate effects
of gravity force. As a result, the apparent mass of the efettfr is almost cancelled,
homogeneously with respect to the position in the workspace

By comparing blue dotted plots of Figure 2 correspondingatit Omegas with the
one of the PHANTOM, it stems that, in absence of gravity conspgon, Omegas and
PHANToM devices exhibit quite different behaviors. If thisuld be expected, what
is indeed worth remarking is that different behaviors carobserved even between
both Omegas, although they are nominally identical (see blntted plots obtained
with both Omegas). This may depend on several factors sudénvéce age, mechanical
couplings, joints friction, which in turn can affect the @pent mass of the end-effector.
The proposed technique is based on measurements performéed actual device of
interest, hence it can take into account also such phaerso@mh consequently can
cancel their effects on end-effector behavior.

In summary, the advantages of the proposed techinque ardoidarit is based
on measurements performed on the actual device of intatastjindependent from
device kinaematics; it is able to detect the actual direabiogravity force. On the other
hand, the main drawback of this approach is that in case o&ffedtor replacement or
device orientation change, the off-line calibration musterformed again in order to
estimate new gravitational properties of the system in #ve configuration. Moreover,
the preliminary algorithm proposed in this paper only woiksa cubic subspace of
the device workspace, whose dimensions are supposed todvenlkan-priori. Future
developments of the algorithm will make it working in the vddask space, even in
absence of information about shape and dimensions of dexidespace.

The final target of this work consits of integrating the pre@d algorithm in the
Haptik Library [8], in order to make it transparently avéaile for virtual reality devel-
opers.
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