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ABSTRACT
This paper reports on a set of theoretical and experimen-

tal investigations into the use of force reflection to enhance the
dynamic behavior of human piloted vehicles, especially joystick-
controlled vehicles such as fly-by-wire jets, bulldozers, and pow-
ered wheelchairs. Briefly, force reflection is used in the manual
controls to cancel the effects of feedthrough dynamics. Feed-
through dynamics refers to generation of inadvertent steering or
speed command inputs due to the action of inertia forces between
the pilot’s hand and manual controls. These inertia forces arise
in the pilot’s body in response to vehicle accelerations. To elimi-
nate feedthrough dynamics, a canceling force is produced on the
force-reflecting joystick using a model of the pilot dynamics and
the known vehicle accelerations. A custom motion platform and
a commercial force-reflecting joystick are used in a set of experi-
ments to test the idea. Parameter values for an assumed model are
estimated by observing the response of the pilot’s body to known
platform accelerations. Cancellation of feedthrough dynamics is
demonstrated for a human subject.

1 INTRODUCTION
Feedthrough dynamics refers to the effects of inertia forces

that arise in the arm and hand of a pilot from accelerations of
the vehicle in which the pilot rides. At the mechanical contact
between pilot and the manual controls, these inertia forces effec-
tively add to the command forces produced volitionally (through
muscle activation) by the pilot. One speaks of the motions of
the vehicle “feeding through” and being filtered by the dynam-
ics of the pilot’s body to produce extraneous command inputs on
the controls. Since the displacements of the manual controls are
used in turn to accelerate or steer the vehicle, there exists a con-
trol loop that includes the dynamics of the pilot’s body but omits
the pilot’s senses, central nervous system, and muscles. If there
exists a significant phase delay between the resulting displace-
ments of the manual controls and the vehicle accelerations that
they produce, oscillatory vehicle motion may arise. These oscil-

lations may be sustained or transient, depending on the balance
of dissipative and destabilizing effects present in the interactive
dynamics. Although a pilot may attempt to correct the oscilla-
tory behavior by applying voluntary muscle control, such efforts
may actually aggravate the effect rather than correct for it, due to
inherent neuro-motor control delays.

Feedthrough dynamics does not usually play a role
in vehicles with steering wheels, since the axis of the
steering wheel is orthogonal to the angular accelerations
produced by steering. However, feedthrough dynamics
plays a significant role in the behavior of many joystick-
controlled vehicles. The oscillatory fore and aft motion
known as “bucking” in powered wheelchairs is an example
(Banerjee et al., 1996). In high-performance fly-by-
wire jets, a transient oscillatory motion called “roll
ratcheting” often occurs at the end of roll maneuvers
(Smith and Montgomery, 1996). The destabilizing effects
of feedthrough dynamics can be particularly dangerous in
joystick-controlled earth-moving vehicles, such as bulldozers,
for the parameters of the pilot-vehicle system change not only
each time a new pilot sits in the vehicle but also each time the
vehicle picks up or deposits a load. Although the interactive
dynamics may be stable for one set of parameters, it may
be unstable for another. Often the sustained oscillations will
continue to grow in amplitude until the pilot takes his hand off
the joystick or the load falls off the vehicle.

Our strategy for canceling feedthrough dynamics is quite
simple. The joystick is motorized so that a force may be pro-
duced that opposes the inertia force applied to the joystick by the
pilot’s hand. The joystick-produced force is intended to balance
the inertia force, effectively canceling the effects of feedthrough
dynamics. Production of such forces on the joystick is based
on the known or tracked motion of the vehicle and a dynamical
model of the human pilot.

With a dynamical model of the arm as it is coupled to the
vehicle chair (through the shoulder and torso) and to the joystick
(through the hand), we can estimate the force that will be applied



to the joystick when the chair accelerates and the human exerts
no volitional control. We call this the feedthrough force. We
assume that the force applied to the joystick under normal op-
erating conditions that include both chair motion and volitional
control is the sum of the feedthrough force and the force of vo-
litional control. This is a reasonable assumption so long as the
motion of the chair does not condition the attention or control
abilities of the human.

This paper investigates the use of force reflection in the man-
ual controls (joystick) to cancel feedthrough dynamics. An ex-
perimental apparatus was custom-built for the investigation by
a team of students at Stanford University, with direction from
Immersion Corporation. The apparatus consists of a single axis
motion platform (chair) with an attached motorized joystick, as
further described in Section 3

Our approach to counter feedthrough dynamics is fun-
damentally different to filtering approaches, which attempt
to separate the feedthrough signals from the volitionally-
produced signals using model-based filters. Although sup-
pression of feedthrough dynamics has been demonstrated
(Velger et al., 1988) (Idan and Merhav, 1989), we believe our
more direct approach, which mechanically cancels the effect
rather than electronically filters for it, will yield superior results.
The greatest advantage of the new approach is expected to fol-
low from the altered ‘feel’ of the joystick in the pilot’s hand. In
effect the pilot should feel as if he is manipulating the joystick in
a Newtonian (fixed) reference frame rather than the accelerating
frame of the vehicle. In addition, the force feedback approach
will better maintain the joystick in the center of its kinematic
workspace and will therefore avoid kinematic command satura-
tion.

To begin the investigation, we develop a dynamical model
of the pilot-vehicle system in Section 2. We assume a simple
second order linear model for the pilot’s arm and hand on the
joystick. We estimate parameters to that model by fitting it to
recorded data, collected using the motion platform in open-loop
mode. This model-fitting algorithm is applied to two systems in
Section 4: first a system with known parameter values, and then
to a human subject’s arm. Experiments on the closed loop system
follow in Section 5. First, with the system of known parameter
values in place, we demonstrate the existence of feedthrough dy-
namics. Then the previously fit model of the known system is
used in a model-based compensator to cancel the feedthrough
dynamics. Finally, we demonstrate and then cancel feedthrough
dynamics with a human piloting the motion platform.

2 MODELING
In this section, we develop a lumped parameter model of

the pilot-vehicle system to investigate the energetic interactions
between pilot, joystick, and vehicle. We also develop a control
block diagram to study the flow of information between pilot,

joystick and vehicle. In this and the remaining sections, we as-
sume that the human pilot exerts no volitional control.

Figure 1. Configuration of pilot, joystick and vehicle

Figure 1 shows a pilot seated in a motion platform with one
hand on a joystick. The pilot’s torso is assumed fixed to the vehi-
cle. The motion platform is assumed rigid, and the joystick base
is rigidly mounted to the platform. The vehicle, joystick handle,
and arm of the pilot are modeled as an articulated chain of rigid
bodies, forming a closed loop. In the present study, a single axis
motion platform is used, capable only of side-to-side motions,
that is, parallel to unit vectorN2. The joystick rotates about a
horizontal axis parallel to unit vectorN1. The hand, we assume,
is linked to the joystick handle with a ball joint while the rest of
the arm pivots about the elbow. The muscles are assumed to be
in a state of steady activation, with the equilibrium position of
the arm corresponding to the vertical orientation of the joystick.

Figure 2. Simplified model of the pilot, joystick, and vehicle

Figure 2 shows a simplified system, incorporating additional
assumptions. The linear displacementx locates the platform and



likewise the pivot of the joystick handle while the angular dis-
placementq orients the joystick handle from the vertical. The
first major modeling assumption involves representing the vis-
coelastic properties of the arm as a rotational spring and damper
at the joystick pivot, with the equilibrium position of the spring at
q= 0. The spring constantk and damping coefficientb account
for the elastic and dissipative properties of both the joystick and
the coupled human arm. The effective mass of the arm and the
mass of the joystick handle are lumped in massm located a dis-
tancel from the joystick pivot, while the mass of the chair and
torso isM. The pointP, located a distancer from the handle
pivot, represents an attached linear accelerometer. A moment
applied to the joystick of torqueτ represents the joystick motor
torque. In summary, the arm is modeled as a second order dy-
namical system, driven by the motion of the joystick base (x and
its derivatives) and the joystick torqueτ.

These modeling assumptions rest loosely on the re-
sults of a number of human subject experiments showing
that the response of various human joints to mechanical
excitation is approximately that of a linear second order
system. (See, for example (Hajian and Howe, 1994)) Multi-
mode models of the human body have been developed and
tested for describing vibration feedthrough
(Jex and Magdaleno, 1978). These models will be useful
for refining the present work.

We are now in a position to write down the equations of
motion for this system. The driving inputs we take to be the force
acting on the platform and the torque acting on the joystick. The
equations governing the motion of the pilot-vehicle system are:

ml2u̇� lmcos(q)v̇+bu+kq�mlgsin(q) = τ
(m+M)v̇�mlu̇cos(q)+mlu2 sin(q) = F

(1)

whereu
∆
= q̇ andv

∆
= ẋ. We assume that the mass of the vehicle

and the pilot’s torso dominates the suspended mass of the pilot’s
arm and joystick handle, and that the acceleration of the platform
accurately follows its command. In addition, we linearize about
the operating pointq = 0 and write the equations in state-space
form

ż= Az+BU (2)

using the following definitions:
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This dynamical system is driven by the platform forceF and joy-
stick torqueτ and responds with joystick angular displacementq
and angular speedu. (The equations governingx andv have been
rendered trivial by the assumptions and are not shown in Eq. (2).)

Figure 3. Control Block Diagram

Figure 3 shows this model as the plant in a block diagram
with the vehicle control system. The joystick angular displace-
mentq is fed back and interpreted as a setpoint for the platform
speed. The measured platform speed ˙x is subtracted fromq to
form the errore, which in turn is multiplied by the proportional
gainKJ. Alternatively (as selected by a switch,) the system may
be run open-loop, using a command generated independently by
the host computer. A high gain inner loop in the motor controller
is shown that ensures that the chair speedv closely tracks the
desired speedvd.

3 EXPERIMENTAL APPARATUS

Figure 4. The Experimental Apparatus, showing the host
computer, electronic cabinet, and motion platform with joy-
stick

Figure 4 shows the experimental apparatus. A welded alu-
minum frame rigidly supports a racing car seat and an Immer-



sion IE2000 powered joystick. Padded armrests are configured
at elbow level while the joystick is mounted such that its han-
dle may be comfortably grasped in the seated pilot’s right hand.
Joystick motion is restricted to rotation about an axis parallel to
the armrest. The entire frame translates sideways on a ball screw
assembly with a 0:45 m stroke. Translation is driven by a Brush-
less DC Servo Motor, rated at 3.4 kW. The motion platform is
able to produce a sinusoidal motion of 2Hz with an amplitude
up to A=0.10m, giving a peak accelerationAω2

= 16:11m=s2
=

1:64 g’s.

4 OPEN LOOP EXPERIMENTS
In this section, we describe a set of open loop experiments

intended to characterize the pilot’s arm. The approach adopted
here is to assume a simple lumped parameter model and estimate
model parameters by fitting that model to recorded data. This
model fitting procedure is developed and tested with a dummy
arm in Section 4.1. Second, application of the fitting algorithm
in a human subject experiment is described in Section 4.2.

The critical parameter is the effective mass of the pilot’s arm,
as seen at the joystick handle. In Section 5 below, the effective
mass becomes a gain factor in the cancellation scheme. The mass
m, however, is not available by observing excursions of the joy-
stick to known platform accelerations sincem appears as a co-
efficient on both ˙u and v̇ in Equation (1). Instead, we will use
the data from two experiments to deduce the parameterm. The
first is a dynamic experiment designed to estimate the natural fre-
quencyωn. The second is a quasi-static experiment designed to
estimate the stiffnessk. These two estimates are used together to
arrive at the effective mass through the following formula, which
follows from Equation (2):

m=
k

l 2(ω2
n+g=l)

: (4)

4.1 Model-Fitting Procedure
Before performing a model fitting experiment using a hu-

man subject, we applied the procedure to a mechanical model of
a human arm, which we call the dummy arm. Figure 2 is sug-
gestive of the mechanical form of the dummy arm. An assembly
of weights is rigidly attached to the joystick handle to simulate
the effective mass of the arm. An equivalent massm= 0:39 kg
with radius of gyration about the joystick pivot ofl = 0:16 m
was used. Rather than attaching a physical spring across the joy-
stick pivot, a virtual spring was used. That is, the joystick motor
was used to produce a torque proportional to the angular dis-
placement with constant of proportionalityk= 0:23 Nm/rad. No
additional damping was used in the dummy beyond the inherent
damping in the joystick.

A 32-bit interrupt-driven program running under DOS at a

333 Hz servo rate was developed to implement the joystick con-
troller and the chair controller. Position encoders on the chair
and joystick recorded chair displacement and joystick angle. An
accelerometer was mounted to the platform to record ˙v. A lin-
ear accelerometer attached to the joystick handle at pointP (See
Figure 2) recorded acceleration of the joystick in the inertial ref-
erence frame of the earth, which we label ¨y. To obtain the angular
acceleration ˙u from ÿ, the following formula is applied to remove
the component of gravity and account for the joystick angle:

u̇=
v̇cos(q)� ÿ�gsin(q)

r
(5)

A train of windowed pulses was used as the speed command
to the platform, where an individual pulse is constructed from
a full period of a cosine wave. A positive pulse and a negative
pulse, both of period 0.3 seconds and amplitudeA = 0:15 m/s
alternate at intervals of 1.5 seconds. The dummy arm and joy-
stick angular motion[u̇ u q] were recorded. Figure 5 (d) shows
the derivative of this speed command, the platform acceleration
v̇, as measured by an accelerometer. Figure 5 (a)-(c) shows the
response of the dummy arm at the joystick.
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Figure 5. Characterization data for dummy arm: (a) joystick
angular displacement q (b) angular speed u, (c) angular ac-
celeration u̇, (d) platform acceleration v̇. The x-axis is time in
seconds.

These data were fit with a model by least squares as follows.

Equation (2) may be used to express the platform accelera-
tion v̇ as the product of a matrix of motion values and a column



Table 1. Measured Parameter Values
m= 0:39 kg

b= 0:6 Nm/rad/s

k= 0:23 Nm/rad

l = :16 m

g= 9:81 m/s2

vector of parameters inAx= b where

A= [u̇ u q]; x=

2
4 1

b
ml2

k
ml2
�

g
l

3
5 ; and b=

1
l
[v̇]: (6)

The data are arranged row-wise into the matrixA and vectorb,
respectively. Givenn time-points of data,A is (n�3) andb is
(n�1). The systemAx= b then represents an over-determined
set of equations for the parameter values inx. A pseudo-inverse
of A may be used to solve forx:

x= (ATA)�1ATb (7)

The least-squares fit to the experimental data producedx=

[0:91 1:1 188]T. The fit natural frequency, in particular, corre-
sponds to a period of 0.457 seconds. The actual parameter val-
ues are recorded in Table 4.1, per measurement or gain selec-
tion and calibration. The actual values correspond to a vector
x= [1:0 6:7 157]T

To extract a value for the effective mass, a value is re-
quired for the stiffness. Stiffness was characterized in a sep-
arate quasi-static experiment. A sinusoidally varying torque
was commanded to the joystick while angular displacement
was monitored. A linear least-squares fit yields a stiffness
k= 2:25 Nm/rad.

The values for the natural frequency and stiffness combine
to yield an effective mass

m=
k

l 2(ω2
n+g=l)

= 0:34 kg (8)

This value compares favorably with the actual (measured) value
m= 0:39 kg.

4.2 Characterization of a Human Arm
The dynamics of a human subject’s arm were characterized

using a procedure similar that applied above to the dummy arm.
Once again, Figure 6 (d) shows the derivative of the speed

command, the platform acceleration ˙v, as measured by an ac-
celerometer. Figure 6 (a)-(c) shows the response of the human
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Figure 6. Characterization data for human arm: (a) joystick
angular displacement q (b) angular speed u, (c) angular ac-
celeration u̇, (d) platform acceleration v̇. The x-axis is time in
seconds.

arm at the joystick. The joystick angular displacementq, speed
u, and acceleration ˙u are shown in each of the subfigures. As
in the characterization of the dummy arm in Section 4.1 above,
the data of Figure 6 was used to determine the natural frequency
of the feedthrough dynamics. The analysis yielded a parameter
vectorx= [0:33 �0:46 33]T.

A sinusoidally varying torque was commanded
to the joystick while angular displacement was
monitored. A small virtual return spring(KJ =

�1:0 Nm/rad) was also implemented on the joystick, so
the stiffness observed is due to both the human arm and the
virtual return spring. The slope of the line fit to the data
producedk= 1:88 Nm/rad.

The values for the natural frequency and stiffness combine
to yield an effective mass ofm= 0:75 kg. This mass will be used
as a gain factor in the canceling controller developed below.

We do not have a high confidence in the estimated effec-
tive mass of the human arm. In particular, the first value of the
parameter vector should have been close to 1.0. Furthermore,
the estimated natural frequency corresponds to a period of 1.08
seconds, which appears to be long compared to the period of os-
cillation seen in Figure 6.

5 CLOSED LOOP EXPERIMENTS
This section reports on experiments performed on the closed

loop system, in which the displacements of the joystick are used
as setpoints for the platform speed.



Figure 7. Block diagram showing the feedthrough dynamics
compensating controller.

5.1 Feedthrough Dynamics Compensator
The feedthrough dynamics compensator is designed to pro-

duce a torque on the joystick that cancels the inertia force. The
effective massm of the arm and the acceleration of the platform
are all that is needed of the model to compute the inertia force.
The distancel of the effective massm from the joystick pivot
is used to compute the cancelling torque. The block diagram
in Figure 7 shows the platform forceF feeding forward with a
gain factorml=M to the joystick torque input. Also shown in
the block diagram is the addition of a disturbance to the platform
speed command.

5.2 Cancellation: Dummy Arm
We begin with a demonstration of the effects of the feed-

through dynamics of the dummy arm in the closed loop system.
A negative gainK = �0:6 was used, so that joystick displace-
ments to the left produced platform motion to the right and vice-
versa. A speed command of the same profile used in the dynamic
characterization experiments was added to the joystick setpoint
as a disturbance. This disturbance was introduced to incite the
dynamics, like a gust of wind acting on the body of a vehicle or
a momentary roughness of terrain under the wheels. The distur-
bance acts only momentarily, for the short periodT = 0:3 sec-
onds. It does not feed energy into the interactive dynamics dur-
ing the inter-disturbance intervals, which were 3.0 seconds (in
contrast to the interval used for characterization: 1.5 seconds).

Figure 8 shows the effect of feedthrough dynamics on the
dummy arm. Three periods of the motion are shown overlapped.
In Figure 8 (d), the disturbance is recognized att = 0 seconds,
then the chair begins to accelerate back and forth with gradually
increasing amplitude. The oscillations in the joystick angular
displacement (Figure 8 (a)) are basically in phase with the plat-
form accelerations (Figure 8 (d)), which corresponds to 180� out
of phase considering the negative feedback gainK =�0:6. This
figure clearly shows the unstable interactive dynamics.

Figure 9 shows the same closed-loop system of Figure 8
(with a feedback gainKJ = �0:6) but now with a feedforward
gain (compensating controller gain) ofKC = �0:15. The closed
loop dynamics are significantly altered. In particular, the unsta-
ble system oscillations have been stabilized. The same scales
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Figure 8. Demonstration of the effects of feedthrough dy-
namics for the dummy arm: (a) joystick angular displace-
ment q (b) angular speed u, (c) angular acceleration u̇, (d)
platform acceleration v̇. The x-axis is time in seconds.
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Figure 9. Cancellation of feedthrough dynamics for the
dummy arm: (a) joystick angular displacement q (b) angular
speed u, (c) angular acceleration u̇ , (d) platform acceleration
v̇. The x-axis is time in seconds.

are used in Figures 8 and 9, so that signal amplitudes may be
directly compared. In contrast to Figure 8, however, two distur-
bance pulses appear in Figure 9 within the 3 second time interval
recorded: one negative, and the second positive.

The feedforward gainKC =�0:15 used to produce the plots
above and chosen for its effectiveness during the experiment can
now be compared to the gain recommended by our model-based
design. The setup used for this experiment differed slightly
from that used for the dummy model-fit above in that a larger



weight was used. The theoretical values arem= 0:618 kg and
l = 0:17 m. A repeat model-fitting experiment yielded another
very good fit to these new parameter values. The theoretical rec-
ommended feedforward gain, or multiplier on the platform ac-
celeration [in m/s/s] to produce the torque isKC = lm = �0:10.
This number compares favorably to the gain used successfully.

5.3 Cancellation: Human Arm
The existence of the effects of feedthrough dynamics in

a system closed through a human arm are first demonstrated.
Thereafter, these effects are canceled using the same basic com-
pensating controller used for the dummy arm. The signs of the
feedback and feedforward gains, however, are reversed for the
human arm. It was simply easier to generate the sustained os-
cillations using a positive feedback gainKJ for the human arm.
This is probably due to the associated high stiffness and higher
natural frequency of the human arm.

0 1 2 3
−0.4

−0.2

0

0.2

0.4

(a)

q 
[r

ad
]

bfth

0 1 2 3
−4

−2

0

2

4

(b)

u 
[r

ad
/s

]

bfth

0 1 2 3
−40

−20

0

20

40

(c)

ud
ot

 [r
ad

/s
/s

]

0 1 2 3
−4

−2

0

2

4

(d)

xd
ot

do
t [

m
/s

/s
]

Figure 10. Demonstration of Feedthrough Dynamics for a
human arm (a) joystick angular displacement q (b) angular
speed u, (c) angular acceleration u̇, (d) platform acceleration
v̇. The x-axis is time in seconds.

Figure 10 shows the response of the system closed around a
human arm to the smoothed pulse-train stimulus with the interval
of 3.0 seconds. The gainKJ had a value of 0:15 while KC =

0. Thus only one pulse was applied during the 3 second trace
shown. Three traces are shown overlapped in each subfigure.
Again, the sustained oscillations are seen, this time barely stable.

Figure 11 shows the disturbance response of the closed loop
system with the compensating controller in place. The feed-
back gainKJ still had a value of 0.15. But now a feedforward
gain of KC = 0:16 was used. Two impulses, one positive and
the second negative were applied within the 6-second interval
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Figure 11. Cancellation of feedthrough dynamics effect for
the human arm. (a) joystick angular displacement q (b) an-
gular speed u, (c) angular acceleration u̇, (d) platform accel-
eration v̇. The x-axis is time in seconds.

shown. Although some oscillations were still present, they were
well damped, diminishing to negligible amplitude in less than 1
second. The joystick torque output capabilities were saturating
during this experiment, however. Total suppression of the feed-
through dynamics was not possible. Further work needs to be
done with a powered joystick capable of higher torque output.

6 SUMMARY
The effects of feedthrough dynamics in a human-piloted ve-

hicle were demonstrated. In particular, sustained oscillations in
the closed loop system were shown to be due to accelerations
of the vehicle “feeding through” the arm of the pilot to the joy-
stick. The effects of feedthrough dynamics were reduced using a
model-based feedforward controller. Using the feedforward con-
troller, the oscillations present in the closed-loop system were
quite effectively damped.

A simple second order model was assumed for the pilot’s
arm. A simple feedforward controller was designed on the no-
tion of canceling the inertia force of the arm that results from
accelerations of the vehicle. For this feedforward controller, an
estimate of the effective mass of the arm as seen at the joystick
is needed. To estimate a value for the effective mass , a set of
experiments was designed. A dynamic experiment identified the
natural frequency while a static experiment identified the stiff-
ness. From these two, the effective mass was extracted. The
entire procedure was first tested on a mechanical model of the
human arm constructed by attaching a mass and a virtual spring
to the joystick.

The entire approach adopted here, to cancel the effects of
feedthrough dynamics by employing an additional control input



(the joystick torque,) is very promising. Especially in compari-
son to traditional approaches that involve model-based filtering
of the control signal for spurious feedthrough-dynamic elements.
Perhaps most interesting is that the pilot experiences a different
behavior in the joystick and reports a different “feel”. Although
our results are only anecdotal, by current accounts the feel is im-
proved. At present, it appears that our approach is in fact novel.
In future work, a more complete control-theoretic treatment will
be undertaken, including the introduction of more complete hu-
man dynamic models. In the present work, the most significant
assumption in the model is the neglect of any voluntary effort on
the part of the pilot. The human operators in our experiments
were instructed to avoid voluntary effort. Future experiments
will encompass voluntary effort in the model and the experiment.
For example, performance at a tracking task will be monitored.
We expect that this work will have direct implications for the
long-standing tradeoff between vehicle stability and responsive-
ness, alleviating the need to compromise stability when respon-
siveness is increased.

Future work with the motion platform will also involve the
development of an on-line system ID process. That is, when a
new pilot sits down in the motion platform, an automated system
ID procedure will be used to ascertain that pilot’s feedthrough
dynamic parameters. From these identified parameters, the force
reflection control law can automatically be tuned.
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