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Abstract

This paper analyzes the design of a force-based impedance
control for a haptic interface system characterized by a
parallel kinematics. By exploiting the features of parallel
mechanisms, which perform better than the serial ones in
terms of dynamic performance, stiffness and position
accuracy, and by implementing a closed-loop force control,
the transparency of a haptic master system and the �delity of
resultant force feedback can be consistently improved. Issues
for design and control as well as aspects of performance
evaluation of haptic interfaces are treated within the paper
and some results of the experimental characterization of a
haptic interface are presented.
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Introduction

The rendering to the human operator of the

sensation of physical interaction with a virtual

environment (e.g. forces generated either by the

weight or by the collision with simulated

objects) or with a remote environment (e.g. in

teleoperation systems) can be achieved by

utilizing appropriate interfaces capable of

generating adequate sensory stimuli. Such

interfaces, called haptic interfaces (HIs), are

force feedback devices that can exert a

controlled force on the operator as if he is in

touch with a real object.

Force feedback is mainly based on the

stimulation of the human proprioceptive and

kinaesthetic sensorial system, providing

information, respectively, on the body posture,

movements and applied tensions.

The Arm and Hand Exoskeleton

(Bergamasco, 1997) represents one of the ® rst

attempts to transfer the experience in

teleoperation master design to the ® eld of

haptics. In the ® rst half of the 1990s, the

demand for simpler HIs stimulated the

development of new desktop haptic devices.

Because of their low cost, currently, without

doubt, they are the most prevalent kind of force

feedback interfaces in use.

Generally, the user can grasp a handle or a

stylus, through which they can exchange forces

with a virtual environment. The contact forces

are applied to the endpoint of the stylus, which

represents the contact point available for

interaction with the virtual environment, and

can be used to simulate hand-held tools, such as

pens, scalpels and endoscopic surgery tools.

When a mechanism is devised for being used

as an HI (Hayward et al., 1994), the dynamic

performance of the mechanical structure is an

important consideration (Yoshikawa, 1990).

Parallel manipulators have been extensively

studied for their favorable properties in terms of

structural stiffness, positional accuracy and

good dynamic performance (Merlet, 1990).

Their well known limitations are lack of

workspace dimensions and complex direct

kinematic laws.

Recently, the study of lower-mobility parallel

manipulators (Huang, 2002; Joshi, 2002) has

drawn an increasing interest from the robotics

community. In particular, special attention has
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been paid to lower-degree of freedom (DOF)

parallel manipulators that are capable of

generating special spatial motions, such as

purely translational or rotational manipulators.

This paper describes a HI based on a new

lower-mobility parallel kinematic architecture

and the general rules for the design of a force-

based impedance control. Issues for design and

control as well as aspects of performance

evaluation of HIs will be discussed within the

paper.

General description of the PERCRO master
3 DOF device

The PERCRO master is a 3 DOF device based

on an innovative parallel kinematics which

allows only translational motion of the coupler.

The coupler is a fully parallel translating

platform realized by connecting a base and a

moving platform (coupler) via three

independent legs. Each leg is characterized by

open serial kinematics composed of two links

and presents 5 DOFs: the two universal joints at

the ends and an actuated revolute joint at the

elbow (Figure 1) provide the pure translation of

the coupler.
The third joint of each leg is actuated by a

permanent magnet DC motor, through a steel

cable transmission system, which introduces

some elasticity into the actuation system and

in¯ uences the dynamic properties of the device.

The transmission system acts both as a speed

reducer and a means for localizing the motor far

away from the actuated joint, close to the base,

so that moving masses are reduced and

consequently the re¯ ected inertia at the end-

effector. Ball bearings are used to reduce

friction and improve the force-feedback ® delity.

A six component force sensor, ATI Industrial

Automation Nano17, is mounted on the

coupler below an interface pen-like tool which

can be manipulated by the user. The force

sensor has a force range of ± 50 N along x, and y

axes, i.e. in a plane parallel to the base, and of

± 70 N along the z axis, aligned with the vertical

direction, with a resolution of 0.05 N. High

resolution optical encoders are mounted on

motor shafts and are used for measuring the

current interface position. Since the coupler

orientation and position are kinematically

decoupled, the direct kinematics algorithm of

the mechanism is simple and can be computed

in real-time.

The control hardware comprises a single

board computer with Pentium III 866 MHz

processor, running a RTAI Linux real-time

operative system. A ServoToGo data acquisition

board is used for reading force and position

signals from the haptic device and commanding

the motor signals.

It is important to note that each leg

connecting the moving platform to the base

exerts two generalized forces on the coupler

(Figure 2): one is a constraining torque W 1 that

prevents the coupler rotation around one axis

and the other is the actuation force W 0 of the

motor placed on the third joint, with the

direction as shown in Figure 2.

The actions applied to the end-effector by the

user are divided among the legs according to the

position and orientation of W i0 and W i 1 as

shown in Figure 3. The optimal condition is at

the center of the workspace, when both W i0 and

W i 1 intersect orthogonally at the center point of

the end-effector. When this geometric condition

is satis® ed, the force and torque components

sustained by legs are minimized and pure forces

applied to the platform are transformed into

pure forces applied to each leg, without

generating any additional reaction internal

torque W i 1 ; moreover, at the center of the

workspace it results that the three actuated

DOFs are statically decoupled from one

another. Otherwise internal reaction torques

may arise such as that shown in Figure 3.

The maximum peak force that the system can

exert at the center of the workspace is 18 N, the

stiffness at the end-effector ranges from 8 N/mm

in the worst condition up to 56 N/mm in the

middle of the workspace. The operational

workspace is a cylinder with diameter 200 mm

and height 200 mm and the lowest dynamic

mode of the system is located around 55 Hz.

Control schemes for HIs

The dynamic relation between the contact

force and contact point velocity during a one-

point physical interaction between two bodies

is called impedance. An ideal (in the sense of

transparency) haptic device has to reproduce
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the same mechanical impedance as the virtual

object the user is touching. Admittance and

impedance control are the two principal

classes of controllers used in HIs (Figure 4).

In the following, we will indicate the

mechanical impedance of the master haptic

device, the user’s hand and the desired virtual

impedance, respectively, with ZM, ZH and ZD;

FV are the forces voluntarily exerted by the

operator.

Figure 1 The haptic master (a) and the representation of its mechanism (b)
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In the impedance control, the actuator force Fa

is computed on the basis of the position X of the

end-effector through the desired impedance ZD

mathematical relationship:

Fa = ZDX (1)

This method is most commonly employed in HI

systems (Adams and Hannaford, 1999;

Yoshikawa et al., 1995), since it does not require

any additional force sensor and can be

particularly effective if the impedance of the

device can be considered negligible, as reported

by Massie and Salisbury (1994).

The addition of a feedforward pre-computed

torque or the feedback linearization of the

dynamics are common techniques which can be

used together with the open-loop force control,

to compensate the dynamics of the device and

improve the transparency of the device.

However, an exact knowledge of the dynamic

model of the system is required to achieve an

ideal cancellation of undesired effects.

Force sensors can be employed usefully for

improving the transparency of the device,

guaranteeing a suf® cient system stability with a

good quality of perceivable force.

Unlike the admittance control developed for

robotic applications (Glosser and Newman,

1994), the approach adopted by Maples and

Becker (1986), known as ª position-based

impedance controlº , is based on the reading of

the interaction force at the user’s contact point,

which provides the desired position at the end-

effector according to the desired virtual

impedance (Figure 5)

X d = ZDFo (2)

Such a control scheme is known as ª Admittance

control with position feedbackº . An internal

control-loop G is adopted to regulate the

position.

Figure 2 Generalized forces exerted by each leg

Figure 3 Representation of incidence of the wrenches Wo

Figure 4 Scheme of an impedance control
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In a third class of controllers, a closed-loop

internal controller is added to the scheme of

Figure 4 to regulate the interaction forces. Such

a method, known as ª force-based impedance

controlº (Lawrence, 1988), has also been

implemented on different devices (Bergamasco

and Allotta, 1992) (Figure 6).

The presence of the controller G allows the

dynamics of the mechanism to be cancelled out,

and so to render the force-feedback more

transparent.

It can be argued that while the impedance

control is more suitable for mechanisms with

negligible dynamics, the ª position-based

impedanceº and ª force-based impedanceº , by

using high gains G, are commonly applied to

mechanisms with signi® cant dynamics. In the

following section, the ª force-based impedanceº

control law that has been implemented on the

PERCRO Master 3 DOF device is described.

Impedance-based closed-loop force
control

A commonly adopted representation of HIs is

based on the linear two-port representation,

which allows energy exchange between the

haptic device and external environment,

including the human operator to be determined.

In particular, a two-port representation can

be given in the form of a hybrid immittance

matrix H (Hannaford, 1989), widely used

within the teleoperation research community

since it allows the transparency of the device and

to study the robust stability of a teleoperator

system to be expressed in an immediate way

(Hashtrudi-Zaad and Salcudean, 2001).

The de® nition of hybrid parameters for an HI

system can be given as follows (Mitra, 1969):

Fo

Çqm

" #

=
H11 H12

H21 H22

Á !
2 Vo

tm

" #

; (3)

where the H -matrix relates the output

variables, end-effector velocity Vo and operator

force on the master Fo to the input variables,

actuator forces Fmand motor velocity Çqm: The

actuator, i.e. the controller, and the operator

represent the two interfaces through which the

haptic device exchanges energy with the

external environment.

The role played by the components of the

hybrid representation matrix is shown in

Figure 7.
While the simulated/teleoperated

environment and the human operator can be

modeled as two-terminal linear ports, the haptic

device acts as a four-terminal linear component.

The human operator, under the hypothesis of

passivity, can be assumed to behave as a

mechanical impedance ZH relating force Fo and

velocity Vo of his hand, in contact with the

haptic device. The simulated/teleoperated

environment acts with a general behavioral law

f which feedbacks a desired value of force Fdon

the basis of the motor position Çqm;

corresponding to the movement of a contact

point either in a real teleoperated or virtual

simulated world.

Figure 6 Force-based impedance control

Figure 5 Position-based impedance control
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The force control-loop is implemented by the

controller C(s), which generates the command

torque on the basis of the desired input Fd and

actual measurement of the operator force Fo

through the F/T sensor. As shown in Figure 7,

the transfer function H12 is included within the

force control-loop and can in¯ uence the

stability of the control, while the operator’s

input velocity Vo acts as an exogenous input,

modifying the force Fo measured by the sensor

according to the transfer function H11.

From the earlier analysis, it is evident how the

parameters Hij, depending on the system

dynamics, are strictly related to the performance

of the haptic device and determine the ® delity of

the force-feedback provided to the operator.

When velocity or acceleration sensors are

available, the cancellation of inertial terms can

be obtained with a feed-forward compensation

scheme using either a pre-computed torque or

inverse linearized dynamic model. In such a case

the accuracy of the mathematical model can

greatly condition the effectiveness of the

implemented control and the computation time

is affected by the complexity of the model.

The usage of force sensors, placed at the zone

of connection with the operator, allows to

achieve an analogous result to be achieved, but

requires reduced computation time. In the case

of HIs, the closed-loop control must be

designed to guarantee a full range stability

independent of the user’s behavior. The

simplest stable force controller that can be

designed is based on an integral action:

Fa = G +
K i

s

³ ´
(Fd 2 Fo) = C(s)DF (4)

where C(s) indicates the Laplace transfer

function of the force controller.

Notwithstanding the accuracy that can be

achieved with a PI controller, by adding in

feedforward the open-loop value of desired

force Fd, the response of the controller is

improved. In this way, the closed-loop control is

used only to cancel the modeling errors which

cannot be compensated in open-loop.

Fa = Fd + G +
K i

s

³ ´
DF (5)

Experimental validation of the closed-loop

force control

The force capability of the system in open-loop

and in closed-loop, with control law given by

equation (5), was experimentally assessed

through the following procedure. The base of

the system was rigidly connected to the ground,

while the position of the end-effector was

externally locked in a given position. The

coupler was placed in the center of the

workspace.

In order to evaluate the accuracy of the force

replicated in a open-loop, a square wave signal

was generated along the three Cartesian

coordinates at a frequency of 0.2 Hz, with values

ranging in between 2 and 2 2 N. The ideal force

command was applied to the motors both in the

open-and closed-loop, and measurements of the

real end-effector force to be taken (Figure 8).

The mean percentage errors with open-loop

control observed at the end-effector, measured

along the direction of the actuated force, were as

follows:

D2 x
= 3:43 percent N

D2 y = 3:54 percent N

D 2 z
= 7:5 percent N

8
>><

>>:
(6)

The forces measured at the end-effector show

that the force disturbances were present along

the non-actuated directions.

Figure 7 The interaction of the haptic device with the human operator and with
the external environment
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The errors re¯ ect the inaccuracies of the model,

and are mainly due to the mechanical plays and

distributed frictions.

Along the z direction, the errors are greater in

reason of the non-perfect cancellation of the

gravitational terms through the pre-computed

feedforward term.

The percentage force error was reduced to

De = 0:01 percent independently from the

actuated direction by the activation of the

closed-loop force control, so sensibly

reducing the errors due to the inaccuracies of

the model.

A further test has been performed by exciting

the system with a triangular wave at frequency

of 0.1 Hz. Figure 9 shows a force-position

diagram plotted for the two different conditions.

While in open-loop, it is evident that in the

presence of an hysteretic loop, such a behavior is

completely cancelled when the closed loop

control is introduced.

Example application

In the framework of the national project RIME

funded by the Italian Ministry of Research, the

PERCRO master device is currently being used

for the validation of a bilateral teleoperation

system within robotics assisted surgical

operations.

In particular, the interventional procedure

under study is the placement of pedicle screws

in orthopedic surgery, during the treatment of

spinal deformities for the realignment of spinal

conditions. Despite its growing popularity, there

remain signi® cant risks associated with such a

technique, especially when used in the cervical

or thoracic spine or attempted on patients with

altered vertebral anatomy. Risks include nerve

root or vessel damage, paraplegia, loss of

sensitivity, and incontinency and erectile

dysfunction. Some of these risks are associated

with the accuracy which is required in the

placement of screws.

In particular, at present, the optimal

direction for the drilling axis is selected in the

pre-operatory stage on the basis of 3D

diagnostic images. Then, during the

intervention, the alignment with the planned

axis is carried out manually under a computer

assisted image-guidance system, which provides

a visual feedback in real-time on positioning

errors of the actual pedicle screw axis and

position with respect to the ideal ones.

Teleoperated surgery robots can be employed

for the execution of the drilling operation, since

they can eliminate several sources of

Figure 8 Open-loop response
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disturbance, e.g. suppressing tremors or

involuntary movements and correcting

misalignments from the planned axis.
The project is currently ongoing and the

PERCRO master is currently being evaluated

for providing the surgeon with haptic feedback

during the drilling operation. The set-up which

is currently being used for the evaluation is

constituted by a master and slave system with

the same isomorphic kinematics. The slave

system mounts a power-drill on its upper

platform, while a 2 DOF actuated wrist is

mounted on the upper platform of the

PERCRO master. The actuated wrist can

provide a reaction torque to the surgeon’s hand

in case of axis misalignment, while the

translational DOFs are used to suppress tremors

and to achieve a ® ne positioning of the drilling

axis.

Conclusions

Force-based impedance control law combined

with the good features presented by parallel

kinematics allow to implement effective HIs, in

terms of dynamic bandwidth and force ® delity.

Currently, the PERCRO master device is being

used in a bilateral teleoperation system for the

validation of robotic assisted surgical

operations.
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