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ABSTRACT 
Haptic interfaces are a class of robotic manipulators that 

display force feedback to enhance the realism of virtual 
environment displays. However, these manipulators often fail 
to effectively replicate the real world environment due to 
dynamic limitations -of the manipulator itself. The ratio of the 
simulated to transmitted environment impedance is defined as 
the transparency transfer function (TTF), and" can be used to 
quantify the effectiveness of a haptic device in displaying the 
simulated environment. The-TTF is ideally equal to" one for'the 
bandwidth of human proprioception. In this work, a method is 
presented that increases TTF bandwidth via cancellation of 
dynamics with an adaptive model. This adaptive model is 
based on the kinematics and dynamics of a PHANToM haptic 
interface with assumed joint stiffness and damping added. The 
Lagrangian of the PHANToM is reformulated into a regressor 
matrix containing the state variables multiplied by a parameter 
vector. A least-squares approach is used to estimate the 
parameter vector by assuming that errors in force output are 
due to the manipulator dynamics. The parameter estimate is 
then used in the original model to provide a feed-forward 
cancellation of the manipulator dynamics. Software simulation 
using data from passive user interactions shows that the model 
cancellation technique improves bandwidth up to 35 Hz versus 
7 Hz without cbmpensation. Finally, this method has a distinct 
advantage when compared with other compensation methods 

for haptic interactions because it does not rely on linear 
assumptions near a particular operating point and will adapt to 
capture unmodeled features. 

INTRODUCTION 
Haptic interfaces are a class of robotic manipulators that 
display tactile information from virtual or remote 
environments. When coupled with a visual and/or auditory 
display as in Figure 1, these manipulators enhance the realism 
of a virtual environment by immersing more of a user's sensory 
feedback mechanisms into the overall simulation experience. 

Figure 1 - Haptic interaction with graphic display 
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The environments that can be displayed are only limited by the 
imagination of, the programmer and the limitations' of the 
manipulator. These simulations can be used to deliver 
rehabilitation therapy to patients suffering the effects of a 
stroke, paralysis, or brain trauma [1]. Training is also-possible 
as in* the case of sufgical procedures. Plus, these manipulators 
provide an alternative means of interpreting or displaying data. 
In short, haptic interfaces offer the promise of extending the 
usefulness of computers by allowing for a physical means of 
interaction. 

Haptic Interactions 
Generally, haptic interactions can be divided into two 

classes: active-user interactions (AUI) and passive user 
interactions (PUI). In an AUI, the user provides the motion 
input to the system and the response of the virtual environment 
is displayed through the manipulator; in a PUT, the manipulator 
plays a force through the manipulator while the user merely 
holds onto the manipulator. Both interaction types can be 
represented by the equations of motion for the system to be 
displayed; this can be expressed generally as in Equation 1 

/ ( * , ' ) = g[*00] 0) 

where/is the force output of the desired environment, and g is 
the function defining that environment as a function of time, /, 
and space, x. These types of interactions are displayed on 
impedance-based manipulators; so named because this 
manipulator measures the velocity as the state input and force 
is the system output. AUI's are a subset of this general 
interaction; Figure 2 shows the block diagram of this 
interaction. .Here, Xn is the measured velocity input, Z^ is the 
environmental impedance, Fo is the desired force, GT is the 
transparency transfer function and FM is the measured force 
transmitted to the user. The human is assumed to be a velocity 
source, and the environment is assumed to passive. PUI's are 
the more general of the two interactions since a PUI doesn't 
require that the environment be passive. Figure 3 shows a 
block diagram of a PUI. Here, Fc is the commanded force and 
is not passive since it can contribute energy into the interaction. 
YH is the human-machine admittance, which means that the 
measured force is treated as an effort source and the human and 
the manipulator are modeled as passive elements. 

* « . ZE 
' » . GT * « . 

Figure 2 - Block diagram of Active User Interaction (AUI) 
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Figure 3 - Block diagram of Passive User Interaction (PUI) 

The commanded force, Fc, is usually a force pla> 
meant to simulate a real interaction that cannot be display 
using AUI methods. This concept is known as event-t 
haptics because an event determines when the playback oca 
Examples of event-based haptics can be found in [2] and [3]. 

TRANSPARENCY AS A PERFORMANCE MEASURE 
Transparency is defined as the ratio between transmit 

and simulated impedance [4] where the ideal ratio is unity for] 
desired bandwidth; this measure was originally used 
performance measure in teleoperation systems, and will 
discussed in detail in the next section. Other perfor 
measures exist and rely on human perception or provide lii 
on displayable environments based on stability consideratic 
Transparency provides an intuitive measure of simulat 
fidelity, which can be used for feedback. A transparent 
system enables a user to feel the virtual environment wit 
sensation of manipulator dynamics. Moreover, the transpa 
bandwidth should be greater than the bandwidth of 
displayed environment to ensure that high frequency content i 
the virtual environment is not attenuated when displayed to 
human. Transparency measures how effectively a manif 
displays an environment; changes in transparency would refk 
the need for compensators that adapt to those changes. In 
case of-virtual environments, transparency can be defined 
the ratio of the measured force to the desired force, since 
position of the manipulator endpoint and the human operat 
are coincident at the stylus of the device. 

F 

For the purposes of this paper, bandwidth is defined as 
±3dB crossover frequency from 0 dB for the transpar 
transfer function, which is the ratio defined above, 
following- sections describe the relevant literature 
transparency as a performance measure in teleoperation 
haptic systems. Then, a method used to improve performar 
in terms of transparency is presented. 

Transparency in Teleoperation 
Transparency and stability are of critical importance 

teleoperation systems. The performance objectives 
teleoperated systems are first .to be stable and second to 
transparent in the desired frequency range. Teleoperat 
systems face unique challenges related to communication 
unknown human interaction forces, and the fact that 
environment is not always well characterized. In short,, 
teleoperation system is generally a nonlinear, time varij 
system. Given that this is the case, attempts have been ma 
with some success in [5-9] to characterize and control 
unknowns to obtain stability and extend transpar 
bandwidth. Most attempts to date characterize the teleoperat* 
system as a linear system. In such cases, the enviror 
human dynamics, and time lag are combined as disturbances i 
are linearized for analysis. As such, most of the techniqu 
used to improve stability rely on compensators of some 

i 
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Linear-compensators of the lead-lag type have been shown to 
extend transparency bandwidth [5, 6]. Other compensators use 
adaptive control laws to optimize for a given performance 
criteria, usually transparency or stability [7, 8]. In addition, it 
has been observed that unity transparency between the remote 
and the transmitted environment impedances is not always 
desirable [9]; Colgate observes that indeed it may be desirable 
to shape impedances to achieve stability and transmit 
impedances that are more meaningful to the user. Cases would 
include magnifying impedances in micro scale teleoperation or 
minimizing impedances in macro scale teleoperation. 

Transparency in Virtual Environments 
Transparency in virtual environments is merely a special 

case of teleoperation. In virtual environments, the goals are 
similar to that of teleoperation: maintain display stability and 
sufficient transparency bandwidth. In this work, transparency 
improvement is the primary objective, and stability will be 
treated in future work. Prior approaches to improve 
transparency and stability characteristics have been either with 
closed loop feedback [10] or open loop linear compensators 
[11], and implementation has been limited to simulation, Eom 
et al. have taken an approach -to examine stability and 
transparency from a non-linear perspective where a disturbance 
observer is included in the haptic loop, and use Lyapunov 
stability criteria to verify stability [12]. This is a step closer to 
actually examining the general haptic interface, which is 
typically nonlinear in its kinematics, and therefore, dynamics. 
In this work, the authors improve upon previous methods by 
incorporating the nonlinear dynamics within a closed loop 
controller-that will adaptively estimate the dynamics of the 
human and the manipulator. 

PROBLEM DEFINITION 
Previous data show that the transparency bandwidth for 

haptic devices does not extend beyond the bandwidth of human 
proprioception or tactile sensation [13], As a result, 
simulations that attempt to display higher frequency 
information for higher fidelity cannot because human-
manipulator dynamics become apparent at large velocities, and 
accelerations. If these dynamics could be eliminated or 
counter-acted, the perceived dynamics would be due to the 
simulated environment alone. Therefore, the challenge is -to 
develop a" controller that makes this possible. 

MANIPULATOR DYNAMICS 
Figure- 4 shows a block diagram .of. a PUL with the 

manipulator Lagrangian included and the proposed controller 
; represented as feedback, f . Figure 4 is a. block diagram of a 

• PUI display with a coupling impedance, ZE, and sufficiently 
| illustrates* that manipulator dynamics contribute to the overall 
; displayed environment.' Moreover, the manipulator 
[transformation matrix, GM, is merely the inverse of the 
Jacobian, which is never explicitly calculated as it represents 
[the physical transformation of torques to forces via the 
[manipulator mechanism. If torques due to the manipulator's 
dynamics' can be estimated, it is possible to cancel the 
manipulator's dynamics. 

- 5 H 3 — - a * 
1J 

J£L 

Figure 4 - Block diagram of a passive user interaction 
with manipulator dynamics included 

The terms are defined as: 

0-desired joint-space trajectory 
Xtj - human trajectory 
ZE - environmental impedance 
YH- human admittance 
M~ manipulator inertia matrix 
V— manipulator Coriolis and centrifugal force vector 
G - manipulator gravity force vector 
B -joint dissipation matrix 
K -joint stiffness matrix 
Fc - command force 
FD - desired force 
FM~ measured force 
FE - environment force 
rD - desired torque 
Tc - command torque 
TM- measured torque 
Tp - manipulator torque 
Kin'1 (6) -inverse kinematics 
JT - manipulator Jacobian 
GM~ manipulator transformation matrix 
Kc- controller gain matrix 

i 

a 

i - f V ' H > 

H Z M K 

Figure 5 - Free-body diagram of passive user 
interaction, where ZE is environment impedance, YH and 
YM are the human and machine admittances, and Fc is 
the commanded force 

In the more general case of the PUI, the manipulator 
Lagrangian term can also include the human dynamics, YH, 
because the human and the manipulator, YM, are both grounded 
and are parallel to one another as in Figure 5. Therefore, it is 
assumed that the manipulator Lagrangian contains the human 
dynamics. This assumption requires that either the human be a 
linear time invariant (LTI) system or that the controller cancel 
these dynamics to adapt to changing dynamics due to the 
human. 
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CONTROLLER DESIGN 
One way of correcting the force error due to unknown 

human-manipulator dynamics is to develop a means of 
estimating those dynamics as a function of the force output 
error and then use that estimate to correct the commanded 
torque to the manipulator. 

First, define the desired end-point force,^, as 

JD ~ J \XH >-*-// ^H *) (3) 

where xH represents the human motion input. The force due to 
manipulator dynamics,^, is defined as the difference between 
the desired force and the measured force,^, 

Jp ~~ JD JM- (4) 

By multiplying the manipulator dynamics by the Jacobian, it is 
possible to formulate the equations of motion in terms of the 
generalized coordintes where 

ffP = r , (5) 

and Tp is the torque due to the manipulator. The Lagrangian 
derived by Cavusoglu et al [14], which defines the PHANToM 
1.5 A manipulator dynamics is 

TP=M0 + V(0,0) + B0 + K0 + G(0). 

(6) 

The matrices defining the compliant, K, and dissipative, B, 
dynamics are assumed to be symmetric, positive definite, 
passive, and decoupled because they occur at the joint. The 
inertial and gravitational forces and forces due to Coriolis and 
centrifugal forces are usually non-linear. In addition, the 
manipulator in this study is a PHANToM 1.0 Premium, but the 
Lagrangian derived by Cavusoglu et al provides the correct 
form since the differences between the two manipulators are 
scalars of manipulator parameters including: masses, moments 
of inertia, and link lengths. 

To define the parameter update law, let us begin by 
defining an alternative form of the Lagrangian for convenience. 
The vector of torques due to the dynamics of the manipulator is 
a function of the displacement vector, its derivatives, and 
inertial, dissipative, and compliant elements. We can define 
this torque vector as a regressor matrix and coefficient vector 

(7) 

(8) 

IIs"; 

where Y is an n x r matrix of khpwn functions, and Pis an r x 
1 vector of coefficients of the manipulator dynamics. The 
parameter space is not unique and the dimension, r, of the 
space depends on the choice of coefficient composition. The 
dimension, «, depends on the number of actuated degrees of 
freedom of the manipulator. This formulation has the 

advantage that it provides the opportunity to reduce the 
dimensional size of the parameter space by identifying, 
parameters in the Lagrangian that share common functions of 
the generalized coordinates. The, formulation of the regressor 
and the parameter vector can be found in the appendix. 

To estimate the parameter vector, % a least-squares 
method is utilized. The torque estimate can be written as 

T =Y(0,0,ffy¥. (9) 

It is then possible to create a cost function based on the torque 
error between the manipulator's actual torque and its estimate. 
In this case, a quadratic cost function is used 

J(Tp)=i(Tp-Tp)
T(Tp-Tp). (10) 

The necessary condition is that the derivative of the cost 
function with respect to W be zero defined as 

= (YTr¥-YTTp)
T = Q. 

Then, the estimate of IP can be defined as 

<¥ = YT(YYTT1T, 

(11) 

(12) 

where the right pseudoinverse is used because Y is generally an 
underdetermined system of equations. Using the parameter 
estimate, it is now possible to define the controller in terms of 
the commanded torque, Tc, as 

TC = TD+Kcn> (13) 

where Kc is a diagonal, positive definite gain matrix and acts as 
a proportional controller. 

SIMULATION AND RESULTS 
To test this hypothesis, the adaptive controller was 

implemented via simulation in MATLAB (The MathWorks, 
Inc.) using data from actual haptic interactions. The interaction 
consisted of a force chirp with amplitude of 4 N and a linear-
ramp in frequency from 0-100 Hz over a period of 30 seconds. 
In addition, virtual springs with.a'stiffness 'of 50 N/m were 
implemented as a coupling impedance; the springs provided a 
means of constraining the operating manipulator during the 
interaction. Figure 6 shows the physical set-up of the 
experiment with an inset showing the physical interpretation of 
the virtual environment model. This particular interaction also 
has the advantage of examining a typical operating 
environment and demonstrates the controller's viability. Figure 
7 shows the results of the proposed adaptive controller. The 
top plot is the transparency magnitude in dB; the bottom plot is*3 

transparency phase in, degrees. The x-axis is frequency 
measured in Hz. The solid line is the actual transparency of the 
measured to desired force ratio; the dotted line is the 

1584 
Copyright © 2005 by ASME 



E^njatedX-AxisTransparency,Transfer Function. 

Figure 6 - Experimental set-up with model displayed at 
the endpoin t 

cpmpensated transparency of the measured force to the desired 
force plus the compensated force. The simulation results in 
Figure 7 show that the controller does have an affect on 
transparency bandwidth. Crossover occurs at 7 Hz for the 
original PUI interaction and at 35 Hz after implementing the 
controller. The controlled system transparency shows a peak at 
40 Hz contrasting with the notch in the original data. At 50 Hz, 
both the controlled system and the original data show a>roll-off 
at 50 Hz. 

The bottom portion of the graph shows the phase of the 
TTF. The phase for the original data approaches -180 degrees 
between 50 and 60 Hz; the controlled system crosses 0 degrees 
between 10 and 30 Hz. The phase data indicates that the 
controller acts as a lead filter, but it is difficult to make a 
definitive statement since the controller is a non-linear 
controller while the magnitude-phase plot is a linear measure. 
Stability analysis can show that the augmented system is stable 
and will be addressed in future work. 

The adaptive compensation method extends transparency 
bandwidth as well as other methods while being flexible to 
operating point changes because the model is capturing 
dynamics present in the system. It is known from Cavusoglu et 
al [14] that Phantom haptic interface system resonances .occur 
between 50 and 100 Hz when measured for the X, Y, and Z 
axes independently. They suggest a forth-order model to 
capture the dynamics, which fits reasonably well to their 
experimental data. Therefore, it is not surprising that the data 
presented here closely match the data in the literature. These 
data also show that there may be bandwidth limitations of the 
amplifiers and motors of the Phantom, which are not addressed 
in this study. As a result, any proposed controller used to 
extend bandwidth will only be effective up to the bandwidth of 
the electromechanical hardware which explains attenuation at 
higher frequency. 

DISCUSSION 
The use of an adaptive model to eliminate human-

manipulator dynamics improves transparency and performs, as 

10' 
.FrequgneiUftfe) 

Figure 7 - Transparency transfer function estimates with 
and without the simulated controller 

well as, or slightly better than other controllers, and is a 
significant improvement over prior approaches because its 
nonlinear design is valid throughout the workspace and for a 
variety of users. Other control approaches such as linearized 
model cancellation or loop-shaping methods, discussed below, 
are designed for use near a particular operating point and do 
not adapt for different human users with varying dynamics of 
grip and posture. While the simulation results presented in this 
paper address an interaction only about a particular operating 
point in the device workspace (i.e. a linearized interaction), 
additional tests that examine a larger operation space with a 
variety of users will be necessary to validate the controller. 

Other compensation methods have been used to extend 
transparency in certain applications, but are not sufficient for 
general compensation. These include open-loop methods such 
as lead-lag filters and other linear compensators, and closed-
loop methods using the force error as the state-feedback 
variable. Open-loop linear methods do extend bandwidth 
because' they cancel dynamics about a particular operating 
point. Kuchenbecker et al [15] demonstrated this in their work 
for displaying stiff surfaces using event-based haptics. Their 
display simulated the feel of virtual surface very well in 
comparison to a variety of .displays; however, it did not adjust 
for the variety of users' postures. This is due to the fact that 
different users will have different stiffness, mass, and damping 
coefficients that comprise the assumed model. In addition, 
these linear compensators are generally only valid near the 
operating point where the data for the linear model was 
obtained. For comparison to the adaptive' dynamics 
cancellation method, the authors implemented closed-loop 
force control for the Phantom device, but implementation 
proved infeasible due to difficulties in choosing appropriate 
controller gains. Force measurement as state feedback means 
that PD control is not feasible because of noise in the. force 
derivative. PI control is offered as an alternative, but it too has 
problems because the integration term grows resulting in a 
steady-state %error; PI force controllers are well suited for set-
point force' applications. However, haptic 'interactions are 
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generally not set-point force applications; therefore, it makes 
sense to use a controller that estimates errors due to the system 
rather than simply using the error alone. •Plus, it is difficult to 
choose controller gains based on a specific operating point that 
will maintain stability about an operating point that is 
constantly changing. * 

CONCLUSIONS 
Transparency bandwidth extension is an important goal in 

haptic interactions because it provides a measure of whether the 
electromechanical system is actually displaying the forces as 
desired by the rendered environment. To this end, the method 
of canceling dynamics due to the human-machine interaction 
presented in this work makes it possible to have an adaptive 
model that increases transparency bandwidth. In addition, this 
method has advantages over traditional compensation methods 
because it does not rely on data from a particular operating 
point. Instead, it uses an a priori model and adapts the 
parameters to meet the desired performance criteria of 
transparency bandwidth extension. 
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APPENDIX 

Regressor Matrix, Y 
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yn = (1 + cos(203 ))6> - 2 cos(03) sin(6>3 )0& - sin(203 )0l03 

y13 =(1-COS(2I93))<91 +2Ms(03)sin(03)^ +sm(2^)4^ 

y15 = (l + cos(2(92))6'1 -2cos(^2)sin(^2)6'16'2 -sin(202)302 

v16 =(l-cos(2(92))6i + 2cos(02)sin(62)0102 + sin(2#2)<9162 

ylt=(X + cos(202))0l-2cos(02)sm(0i)0l0i -sin(2(92)^2 

^l9 =(l-cos(2^3))^ + 2cos(^)sin(^3)i91(93+5^(2^)19,4 

fl10 = 2cos(02) sin((93)6J - 2sin(02)sin(03)0l02 + 2cos(#2) cos(6>3)0,03 

3*113 = 4 

1̂16 = 9i 

yI5=sin(2^2)4: 
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