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Abstract|A dynamic simulation of a passive haptic inter-
face is enhanced by the addition of an actuator model. The
actuator of this haptic display (robot) is a controlled friction
device. The robot utilizes four friction clutches as passive
actuators. Stick-slip e�ects within the clutches and dynamic
response are critical characteristics that are modeled. Ex-
periments presented justify the model. The simulation is
then used to evaluate possible system modi�cations with
the goal of improving the path-following performance of the
robot. An actuator modi�cation is studied, as well as the
addition of torque feedback into the system controller.

Keywords| haptics, passive robotics, friction modeling,
dynamic simulation.

I. Introduction

T
HE amount of research involving haptic interfaces|
devices that provide force feedback to a human user|

has bloomed in recent years. The haptic display has many
applications in a wide range of �elds, including teleopera-
tion, physical rehabilitation, design visualization, and vir-
tual reality. One area that has not been widely studied,
however, is that of passive haptic devices. These are de-
vices which contain actuators that may only remove energy
from the system. Such a device would be useful in situa-
tions where safety has high priority.
In order to study the performance of this class of devices,

researchers at Georgia Tech have developed PTER| the
Passive Trajectory Enhancing Robot. PTER is a planar
robotic arm in a �ve-bar parallel linkage con�guration (see
Figure 1.) Four electromagnetic friction clutches comprise
PTER's set of actuators, yielding an overactuated system.
Energy is input to the system by the user, who applies force
to the handle on the tip of the arm. PTER in turn applies
reaction forces to the user's hand.
The construction of PTER allows controlled frictional

coupling of the two axes of the device. Two clutches couple
each axis independently to ground and two others couple
the axes to each other, either directly or through gearing
which inverts the relative axis velocity. A more complete
description of PTER's construction and operation can be
found in [3].
The range of haptic sensations is inherently restricted

when one chooses to use a passive haptic display. The pri-
mary focus of previous research involving PTER has been

tip trajectory guidance. A secondary objective is to mini-
mize the magnitude of the generated clutch torques in or-
der to provide a smoother feel to the user. It is felt that
PTER's performance in both of these areas is greatly inu-
enced by the clutches themselves| speci�cally by nonlinear
friction properties, i.e. stiction and stick-slip e�ects. In or-
der to improve the performance of the system, a simulation
of these e�ects would be desirable. The relative simplicity
of a single brake model belies the complexity involved when
four brakes interact.

This paper focuses on the design and implementation of
a physical clutch model for use in a preexisting dynamic
simulation, and the application of the resulting simulation
to identify possible system modi�cations that could im-
prove the path-following performance of PTER. Changes
in friction materials as well as a modi�ed control strategy
are considered.

II. Definition of the Clutch Model

The original Davis simulation [2] contains a basic phys-
ical model for the clutches. In short, when the controller
desires a certain torque from a certain clutch, the simula-
tion assumes that the desired torque will immediately be
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Fig. 1. PTER with clutch numbers and link letters
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Fig. 2. Simple One-Mass Friction System

generated by the clutch as long as the magnitude is within
physical limits and the sign does not violate the passive
constraint (i.e., energy is not being added to the system.)
This kind of model is suÆcient to study control char-

acteristics for an idealized system, but considering that
friction e�ects and dynamic response have signi�cant in-
uence on PTER's performance, it was felt that a better
clutch model would improve comparisons to the experimen-
tal results.

A. Friction Model

After a review of existing numerical friction models, the
Karnopp model [5] was selected. Stick-slip friction is a
discontinuous phenomenon. It consists, however, of two
separate modes, each of which is piecewise continuous for
a speci�c system variable. The applicable mode at any
point in time depends on whether or not there is relative
velocity between the two friction surfaces. The Karnopp
model utilizes di�erent sets of governing equations for each
of these modes. This provides a practical means of dealing
with the friction force discontinuity at zero relative veloc-
ity. For a simple single-mass system such as that in Figure
2, the Karnopp model yields the following equations for
frictional force Ff :

Ff =

8<
:

g(V ) : jV j � ÆV

Fin : jV j < ÆV; Fin � FB
FB : jV j < ÆV; Fin > FB

(1)

where FB is the breakaway force| the force required to
overcome static friction and initiate movement.
When the magnitude of the relative velocity V between

the two surfaces is greater than or equal to a very small
value ÆV , the system is said to be in the slip mode. Even
though the system is physically slipping whenever V is not
equal to zero, the nonzero region around V = 0 is de�ned in
order to account for close-to-zero errors. In the slip mode
the friction force is dependent only on the relative velocity,
and is determined by an arbitrary function g(V ).
When the magnitude of the relative velocity V between

the two surfaces is less than ÆV , the system is said to be
in the stick mode. In the stick mode the system is static,
and the friction force Ff exactly cancels the driving force
Fin, unless Fin exceeds the breakaway force FB . In the
latter case Ff is equal to FB and the body will experience
nonzero acceleration. After a short interval the magnitude
of V will exceed ÆV and the model will transition from the
stick mode to the slip mode.

B. Implementation of Clutch Dynamics

A �rst-order transfer function closely relates clutch in-
put voltage to applied normal force. This model was im-
plemented in the simulation. The gain and time constant
were obtained through component tests and manufacturer's
data. The Karnopp model was modi�ed speci�cally to sim-
ulate stick-slip friction in PTER's clutches. The equations
were transformed from linear to angular coordinates. Vari-
able normal force was introduced, dependent on the input
voltage of each clutch. Also, the model was duplicated four
times in order to represent each of PTER's four clutches.
After these modi�cations the actual governing equations
for PTER's clutches were:

�f;x =

8<
:

gx(!; v) : j!j � Æ!

�in;x : j!j < Æ!; �in;x � �B;x(v)
�B;x(v) : j!j < Æ!; �in;x > �B;x(v)

(2)

where x = 1 : : : 4 represent the four clutches, and v is the
input voltage to each clutch.

III. Enhancement of the Dynamic Simulator

A. Model Implementation

The simulation utilizes a position error impedance con-
troller to attempt tracking control of the desired path. The
distance between the robot endpoint and the desired path
is used as the error signal. Desired endpoint forces are
computed by simulating a spring and a damper between
the endpoint and the desired position normal to the desired
path, and a damper tangent to the path. It is important to
note that these computed forces are desired forces, and may
or may not be achieveable due to the passive constraints
on the actuators. The desired endpoint forces are then
transformed into a set of achievable desired clutch torques
which match the desired values as closely as possible. A
piecewise linear model of torque vs. input voltage for the
clutches similar to the model that is used in PTER's actual
control system was added to the controller. This allows
the controller to output a control signal that could then
be utilized by the new dynamic clutch model to determine
generated clutch torques.

The complexity of the new clutch model code requires
a large case statement which determines in which of
the six possible dynamic modes the system is in. The
dynamic modes comprise a two degree-of-freedom mode
(where there is nonzero relative surface velocity in all
four clutches), four separate one degree-of-freedom modes
(where there is zero relative surface velocity in a single
clutch), and a zero degree-of-freedom mode (the entire sys-
tem is static.) Depending on the current dynamic mode
and the voltage applied to each brake, the case statement
determines generated clutch torques based on the prede-
�ned models for �f;x as shown in Equation 2.



Computing generated clutch torques for clutches in the
slip mode is straightforward| the torque is merely a func-
tion of relative plate velocity and clutch input voltage.
However, the calculations for stuck clutches are more com-
plex, as the generated torque in this case depends on the
input torque. For single degree-of-freedom situations and
zero degree-of-freedom situations where no more than two
clutches are applied, the generated torques are derived from
the torques necessary to keep stuck clutches in the stuck
state. To implement this concept, any torques generated
by clutches in the slip state are �rst computed, and then
the equations of motion are solved with appropriate con-
straints on the angular accelerations of links A and B.

The equations of motion of the system are

M11
��A +M12

��B + V1 = �1 + �3 + �4 + �A;ext (3)

M21
��A +M22

��B + V2 = �2 � �3 + �4 + �B;ext (4)

where theMxy values represent PTER's inertial matrix, ��x
is the angular acceleration for link x, the Vx values account
for velocity-dependent e�ects, �x is the torque generated by
clutch x, and �x;ext is the resultant torque on link x due to
the tip input force.

This strategy does not work when more than two clutches
are applied in zero degree-of-freedom situations, for the
equations of motion become statically indeterminate. In
this case, a strategy termed the lumped actuator approach

is utilized. The four clutches are considered as an entire ac-
tuation system, and rather than solving for each individual
generated clutch torque, the model determines whether or
not the system of clutches is capable of keeping the system
fully static. If a con�guration of clutch torques exists that
will both keep the system fully static and are below the
stick-slip transition levels, then it is assumed that the sys-
tem will remain fully static. If no such con�guration exists,
the weakest clutch in the given con�guration is assumed to
transition to the slip mode.

B. Performance of New Clutch Model

In order to validate the operation of the new clutch
model, two separate tests were carried out. The �rst was
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Fig. 3. Clutch 1 Single DOF Test| Endpoint Path

a series of single degree-of-freedom tests. In these simula-
tions, a ramped input torque is applied to a speci�c arm.
Test results for clutch 1 are shown in Figures 3 and 4. In
this test, a ramped input torque is applied to link A and no
torque is applied link B. A small input signal is applied to
clutch 1 and a large input signal to clutch 2. The dashed
line in Figure 3 is a single degree-of-freedom line| it rep-
resents the full range of motion of the tip of the robot when
clutch 2 is locked.
Two e�ects are to be noted. The �rst is the proper func-

tioning of the stick-slip friction model. The ramped in-
put torque is e�ectively `absorbed' by clutch 1 up to the
breakaway level (63.5 in�lb in this case). Once the break-
away level is reached and the non-zero net torque on link A
causes the link velocity to rise above the Karnopp limit Æ!,
the link starts to move and the torque generated by clutch
1 reverts to the dynamic value, which is lower than the
static value. The second e�ect is the fact that the robot
endpoint does indeed follow the single degree-of-freedom
line. It can also be seen that the torque applied by clutch
2 increases as the velocity of the endpoint increases. Even
though no torque is externally applied to link B, the V2
term in Equation 4 exerts torque on link B through the
non-zero velocity of link A.
The implementation of the clutch dynamics was tested

by feeding a constant tip force into the simulation, along
with a step input to a single clutch. This con�guration
behaved as expected, generating a �rst-order step response
for the generated clutch torque.

IV. Evaluation of System Configurations

A. Test De�nition

A standard test was de�ned in order to compare di�erent
system con�gurations. A straight path spanning the width
of the workspace was de�ned to which the controller tries
to constrain the tip of the robot. The input force consists
of two components. The �rst is a constant force that is
always tangent to the desired path. The second is normal
to the desired path with a value Fn as de�ned in Equation
5.

Fn =
Fmax

5

4X
n=0

sin(2n�t) (5)

The normal force Fn models an input disturbance to the
controller. Several frequencies were combined so that cross-
e�ects between a speci�c frequency and the clutch time
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Fig. 5. Experimental Torque Models| Clutch 1

constants in the simulation would be reduced. It was de-
sired that the test results reect on the overall performance
of the system| not only on the performance given a par-
ticular set of input conditions. A simple input force was
chosen even though a model of the human user would be
more representative of the �nal application. It is possible,
however, to run repeatable experiments with a force input
for eventual comparison to system simulations.

B. Simulation Con�gurations

B.1 Baseline Tests

After implementing the new dynamic actuator model,
the simulation was used to evaluate the e�ects of two sep-
arate system modi�cations. One of these involved physical
modi�cation of the actuators, while the other was a change
in controller software. In order to evaluate changes in sys-
tem performance due to these proposed modi�cations, a
baseline simulation run was de�ned.

The baseline run is based on the original con�guration
of PTER. An experimental testbed was built in order to
measure generated clutch torque versus clutch input volt-
age. An aluminum beam was �tted with strain gauges and
attached to clutch number 1. A constant input voltage
was applied and force was manually applied to the end of
the beam until the brake slipped. The tester then contin-
ued to apply force to the beam in an attempt to move it
at a constant velocity. During these tests, a PC with a
data acquisition card running LabVIEW took strain gauge
measurements.

These tests allowed the construction of models for both
breakaway torque and dynamic torque versus clutch input
voltage. In order to convert the experimental results into
a form suitable for simulation, a curve �t was made. A
combination linear and quadratic segment was used as ap-
pears in Figure 5. This function is eÆcient and accurately
represents the data. Accurate tests could not be performed
below an input voltage of 4 volts, and the static residual
breakaway torques and dynamic torques in the system with
no clutches engaged are assumed to be zero since the actual
values are unmeasureably small for this setup.

B.2 Modi�ed Dynamic Model Tests

It was felt that by replacing or modifying the clutches
to improve stick-slip behavior or response time, the per-
formance of the system could be augmented. A possi-
ble modi�cation to this end is the replacement of the
clutches' friction material with a more suitable one. Delrin
on steel was identi�ed as an alternative friction interface.
Even though Delrin has lower friction coeÆcients than the
present clutches, its friction behavior would seem better
suited in a device where stick-slip e�ects predominate. This
is because Delrin has a higher dynamic coeÆcient of fric-
tion than static. Based on frictional coeÆcients published
for both Delrin (�s = 0:20 and �k = 0:35 for Delrin 100)
and PTER's current clutches (�s = 0:45), friction models
were constructed for a hypothetical Delrin clutch by scaling
the models developed for the existing clutches.

Research is currently considering a new Delrin based
brake. The above-reported friction parameters for Del-
rin have not been observed in preliminary experiments, it
should be noted. Both the experimentally determined val-
ues and values from the literature have been used in the
simulation.

B.3 Torque Control Feedback Tests

The original impedance controller as described in section
III-A uses a look-up table to determine the voltage com-
mands to issue to each clutch. Unfortunately, it is diÆcult
to accurately model the torque versus input voltage pro�le
of friction clutches. A wide array of environmental condi-
tions including ambient temperature and relative humidity
inuence the clutch response. In order to improve the per-
formance of the controller, it was suggested that a torque
feedback loop be added to the existing controller. Although
torque measurement hardware did not originally exist on
PTER, a project to retro�t the clutches with torque sensors
is underway.

A separate proportional feedback loop was added to the
controller for each clutch. The error signals are the dif-
ferences between the desired torques and the generated
torques. Figure 6 is a diagram of the torque controller.
The system variables are as follows: x(t) is the complete
dynamic state of the system, y(t) and �y(t) are clutch com-
mand signals, �d is the desired clutch torque vector, and �a
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Fig. 6. Controller with Torque Feedback
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is the actual clutch torque vector.

C. Analysis

C.1 Baseline Tests - Results

The experimentally derived baseline model was inserted
into the simulation and runs were made for di�ering values
of the clutch time constant. Several trends were observed.
The �rst was the expected behavior of the path-average
position error tending to increase with a higher brake time
constant (see Figure 7.) Another expected trend is shown
in Figure 8; the peak linear acceleration of the tip of the
robot decreases with increasing time constant. Other no-
table trends include increasing total path length and in-
creasing average tip velocity, both with increasing time
constant. These trends verify the successful operation of

Avg Position Avg Tip Avg Tip
Model Error (in) Velocity ( in

s
) Accel ( in

s2
)

Baseline 1.794 19.69 64.74
Delrin{ Exp 1.796 33.02 137.2
Delrin{ Theory 1.498 33.4 144.2

TABLE I

Clutch Model Comparison

the clutch dynamics in the simulation.

C.2 Modi�ed Dynamic Model - Results

Two more sets of simulation runs were performed, again
with di�ering time constants, for the two new Delrin mod-
els. Table I summarizes the average values of several vari-
ables over all of the test runs.
As stated above, the experimental data gathered from

the Delrin brake testbed did not match expectations, ex-
hibiting stick-slip behavior similar to the baseline clutches.
Because of this, the similar average position errors for the
baseline and experimental Delrin models are not surpris-
ing. The experimental Delrin model's higher average tip
velocity and acceleration is likely due to the fact that the
Delrin brake models in the simulation exhibit lower peak
friction capability than the baseline model, due to the lower
coeÆcients of friction possessed by Delrin compared to the
baseline friction material.
The theoretical Delrin model (exhibiting higher dynamic

friction than static friction) performed better in path fol-
lowing over the range of time constants, despite its lower
peak friction capability. It shares the higher average tip ve-
locities and accelerations of the experimental Delrin model
for the same reasons stated above.
It was expected that the theoretical Delrin model would

exhibit lower tip acceleration performance, which would
improve the tactile \feel" of our device (the secondary goal
stated in the Introduction.) As has been stated, the higher
average accelerations exhibited in the above tests was ex-
pected to be due to lower maximum torque capability. Fur-
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ther tests were performed to clarify the acceleration perfor-
mance of the theoretical Delrin model. Figure 9 shows the
generated torque of clutch 1 with a constant input voltage
when a step force is applied to the tip of the robot. The ex-
perimental clutch (baseline) model and experimental Del-
rin models exhibit a similar jump in generated torque when
the direction of motion changes (a slip-stick-slip transi-
tion.) The theoretical Delrin model, however, exhibits no
such jump. This indicates that a Delrin brake exhibiting
frictional characteristics similar to those contained in the
literature would indeed exhibit lower jerk, and as a result
have a smoother tactile feel to the user.

C.3 Torque Control Feedback - Results

The simulation was again run for several values of the
controller gain, Kp. The time constant for each run was
set at 0.105 seconds, which is the time constant listed by
the manufacturer for PTER's clutches. Figure 10 is a plot
of average positional error versus controller gain.
The simulation indicates clearly that a signi�cant gain in

path-following performance can be achieved with this type
of controller. Performance remains relatively constant for
gains above 0.1, as this is the point at which the controller
begins to saturate the actuators. Figure 11 illustrates the
increased line-following performance of the system when
the torque controller is utilized with a gain of 0.06 (the
optimum gain for path error minimization before signi�cant
actuator saturation occurs.)

V. Conclusion and Future Work

After the simulation was enhanced by adding an actua-
tor model, the e�ects of two possible system modi�cations
were examined. Preliminary tests provide data indicating
that a Delrin based clutch could increase the path follow-
ing performance of PTER if a device could be designed
that exhibits a higher dynamic than static coeÆcient of
friction. Although simulated path following tests showed
high average tip acceleration, further tests have shown that
stick-slip-stick transitions in a Delrin clutch should have a
smoother tactile feel than the present clutches. The dis-
crepancy between these two results likely lies in the fact
that the Delrin model has lower maximum torque capa-
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bilities than the baseline model, which results in higher
velocities and accelerations when the system attempts to
compensate for large tracking errors. It appears that im-
plementing torque feedback control in PTER's controller
would be a way to improve the path following performance
of the device while utilizing the present clutches.
Future plans include the construction of a motorized

testbed to perform system identi�cation on one of PTER's
clutches in hopes of better modeling its friction character-
istics and time constant. Such a testbed would also allow
direct comparison of experimental and simulated clutch be-
havior. Another clutch will be retro�tted with Delrin as
its friction material and tested in the testbed. These tests
should provide better modeling data for the simulation. A
modi�ed clutch with integrated torque sensing capability
will also be used, and feedback torque control will be at-
tempted. These tests will be performed with the aim of
enhancing the performance of PTER through the installa-
tion of improved clutches, improvement the accuracy of the
simulation for the purpose of controller and clutch evalua-
tion, and implementing improved controllers on PTER.

Acknowledgements

This work was completed with partial support from the
National Science Foundation, Grant IIS-9700528. The au-
thors would like to recognize the support of the Ecole
Nationale Sup�erieure d'Arts et M�etiers (ENSAM), Paris,
France, during the �rst phase of this research.

References

[1] B. Armstrong-Helouvry, P. DuPont, and C. C. DeWit, \A Survey of
Models, Analysis Tools, and Compensation Methods for the Control
of Machines With Friction,' Automatica, Vol 30, pp 1083-1138.

[2] H. T. Davis, \An Investigation of Passive Actuation for Trajectory
Control," MS Thesis, Georgia Institute of Technology, Atlanta, GA,
June 1996.

[3] H. T. Davis and W. J. Book, \Passive Torque Control of a Redun-
dantly Actuated Manipulator," American Control Conference, June
4-6, 1997, Albuquerque, NM.

[4] D. A. Haessig and B. Friedland, \On the Modeling and Simulation of
Friction," ASME Journal of Dynamic Systems, Measurement, and Con-
trol, Vol 113, pp 354-362.

[5] D. Karnopp, \Computer Simulation of Stick-Slip Friction in Mechan-
ical Dynamic Systems," ASME Journal of Dynamic Systems, Measure-
ment, and Control, Vol 107, pp 100-103.


