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ABSTRACT

We explore the effects of parameters constituting a second order
dynamic system on the rate of human motor adaptation while per-
forming a rhythmic dynamic task. In our experiments, participants
excite virtual second-order systems at resonance via a haptic inter-
face. After overtraining subjects with a nominal system, we unex-
pectedly change the system parameters and study the resulting mo-
tor adaptation in catch trials. Through four experiment seatings, we
demonstrate the effects of dynamic system parameters on human
motor adaptation. Results indicate that gain and damping parame-
ters significantly affect the rate of adaptation. In particular, as the
effort required to complete the task increases, the rate of adaptation
decreases, indicating a trade-off between task performance and the
effort required to perform the task.

1 INTRODUCTION

The human motor system is very adaptable and robust when it
comes to experiencing new dynamic environments. In particular,
when the dynamics of a task are altered, the sensorimotor sys-
tem detects these changes and fine tunes control parameters of a
pre-existing internal model in order to compensate for the vary-
ing dynamics of the task [11]. In the literature, it has been shown
that humans can adapt their feed-forward control commands over
time [10, 2] and this adaptation can be viewed as successful train-
ing of a new skill. Psychophysical analysis of human interactions
with new dynamic systems may shed light on the mechanisms used
by humans to execute motor tasks. A broader understanding of hu-
man motor control could directly benefit researchers who develop
training protocols or simulations to teach new motor skills.

The relevant literature has focused on learning and adaptation of
humans while performing point-to-point reaching movements un-
der normal and augmented environmental conditions [1, 8], while
the influence of dynamic parameters on human motor behavior
while performing dynamic tasks has received much less atten-
tion [13, 3]. Dynamic tasks, such as pumping a swing or bouncing
a ball, are different from simple reaching movements in that the dy-
namic behavior of the environment directly affects the control input
planned and executed by the user [12].

Huang et al. [4] investigated a simple rhythmic dynamic ob-
ject manipulation task in a virtual environment and determined that
participants could identify and excite distinct virtual system natu-
ral frequencies with visual only, haptic only, or combined visual
and haptic feedback. They observed that participants tuned their
control parameters as a general feedback strategy. Similarly, in
our earlier study [6], we explored the effects of magnitude and
phase cues on human motor adaptation and showed the persistent
ability of humans to perform system identification of the dynamic
systems which they control, regardless of the cue that was con-
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veyed. In related studies, we have showed that the performance
of the manual control task was influenced by the participant’s abil-
ity to perform system identification in order to excite the virtual
dynamic system near its resonant frequency [9, 5] and determined
the just-noticeable-difference (JND) for natural frequency of vir-
tual second-order dynamic systems to be in 4%-9% range for 1 Hz
and 2 Hz reference natural frequencies with visual-, haptic, and vi-
sual+haptic feedback [7].

The objective of this paper is to investigate effects of parame-
ters of a second order dynamic system on the rate of human mo-
tor adaptation while performing a rhythmic dynamic task. A linear
mass-spring-damper system is studied, where the dynamics govern-
ing this second order system depend on the natural frequency wn,
damping ζ and gain G parameters.

When a virtual mass-spring-damper system is excited with
rhythmic sinusoidal input motion, the system output behavior is
characterized by its position and impedance transfer functions. In
particular, the position transfer function maps the input excitation
to the output motion of the virtual mass displayed on the screen,
while the impedance transfer function maps the input excitation to
the forces rendered back to the user. A change in gain of the trans-
fer functions scales the output motion and affects the magnitude of
forces felt by the user, while a change in damping strongly affects
the characteristic of the dynamic system especially in the neighbor-
hood of its natural frequency.

To this end, we conducted an experiment to investigate the ef-
fects of dynamic parameters on human motor adaptation to a man-
ually excited virtual second-order system. We employed a “catch
trial” procedure, which first overtrains the participant while excit-
ing the dynamics of the nominal system. Then, in later trials, some
features of the system are changed within the trial in order to mon-
itor the participants’ ability to identify and control the new target
system that has different dynamic characteristics when compared
to the nominal system. The goal of each catch session is to eval-
uate the effect of particular parameter sets on adaptation of hand
excitation frequency between nominal and target system, primarily
focusing on rate of adaptation and steady state error.

It is hypothesized that increasing the gain will help subjects bet-
ter perceive the system dynamics, but at a cost of larger power input
required to complete the task. Increasing damping is expected to
have a stabilizing effect on human motor control, while perception
of the natural frequency is diminished, thereby slowing adaptation.

2 EXPERIMENTAL METHODS

In order to examine the rate of human adaptation to parameter vari-
ations of dynamic systems, an experiment is designed with a dy-
namic virtual reality environment. Experiments are conducted us-
ing a haptic device, a two degrees-of-freedom (DoF) planar manip-
ulator, where one of the translational axes is used in order to excite
the second order virtual system. Details of the mechanical system,
the equation of motion governing the virtual system dynamics and
the experiment design are detailed in this section.

2.1 Experimental Setup and Virtual Environment

The experimental setup consisted of a workstation running RTX
real-time operating system, a flat-screen monitor and a 2 DoF pla-
nar haptic device (Pantograph by Quanser Inc.) as shown in Fig-

167

IEEE World Haptics Conference 2011
21-24 June, Istanbul, Turkey
978-1-4577-0297-6/11/$26.00 ©2011 IEEE 



ure 2.1. The visual cues were updated at a rate of 50 Hz on the
screen while the haptic rate was set at 500 Hz. Participants wore
noise cancelation headphones playing pink noise to mask possible
auditory cues from the environment and the hardware.

m
2

k

x
1

x

y

x
2

b

virtual walls

Figure 1: Experiment setup and the virtual environment

During the experiment, two rectangular masses were displayed
on the screen. The motion of one mass, m1, was directly coupled
with the motion of the end-effector, while the second mass, m2, was
connected to m1 by a virtual spring and damper resulting an indirect
control over m2. The instantaneous states (position, velocity and
acceleration) of m2 were calculated by the following second-order
dynamic equation using Euler’s method of numerical integration

m2 ẍ2 +b ẋ2 +k x2 = G (b ẋ1 +k x1) (1)

where ẋ1 and x1 are the velocity and displacement of m1, respec-
tively and ẍ2, ẋ2 and x2 are acceleration, velocity and displacement
of m2. G is the gain, b is the damping between two masses, while
k represents the spring that attaches two masses together. The natu-
ral frequency and damping ratio of the second-order system can be

calculated as ωn =
√

k
m2

and ζ = b
2 ωn

, respectively. The physical

mass, damping and friction of the force feedback device are as-
sumed to be negligible, since the pantograph mechanism is a high-
fidelity impedance-type haptic interface. Hence, throughout the dis-
cussion, the human is assumed to be a perfect position source for
the haptic device. The force F applied through the motors of the
haptic device was calculated as

F = b (ẋ2 −G ẋ1)+k (x2 −G x1) (2)

The displacement transfer function between human position input
and virtual mass position output is given as

X2

X1
=

G (2 ζ ωn s+ω2
n )

s2 +2 ζ ωn s+ω2
n

. (3)

while the impedance transfer function between human position in-
put and virtual force output is calculated as

F

X1
=

G m2 s2 (2 ζ ωn s+ω2
n )

s2 +2 ζ ωn s+ω2
n

. (4)

Note that the impedance transfer function is scaled by m2s2 when
compared with the position transfer function.

2.2 Participants

Seven healthy students of Sabancı University (six male, one female,
23–27 years old, average 24.7 years) participated in the study. All
participants had prior experience with haptic devices. No partic-
ipant reported any sensory or motor impairment. All participants
signed informed consent forms approved by the University Re-
search Ethics Council of Sabancı University.
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Figure 2: Experiment has four seatings, each with learning and catch
sessions. In each seating, five different parameter sets are admin-
istered with catch trials. Each parameter set is randomly presented
once in a catch trial block (five consecutive trials) and every block is
repeated ten times.

2.3 Procedure

Participants sat in front of the monitor and held the haptic device
with their dominant hand. Each trial was initiated with the mech-
anism and the two-mass system positioned at the neutral center of
the work-space. The end-effector of the device was coupled with
m1 and users were provided with the occurring forces of the virtual
second order system. The goal was to oscillate the virtual system at
its natural frequency along the x-axis in a sinusoidal manner. Mo-
tion on the y-axis was constrained with a damped-cubic-stiffness
force field. Participants were told that if the excitation was at the
natural frequency of the virtual second-order system, the amplitude
of oscillations of m2 would be largest for constant amplitude exci-
tation of the end-effector. Participants were also instructed to excite
the system in using smooth natural movements of their hand.

A catch-trial experiment was conducted to test the effect of sys-
tem parameters on rate of human adaptation. To do so, participants
were overtrained with a nominal system of 1 Hz natural frequency
and their adaptation to 1.4 Hz target natural frequency was tested,
so that the experiments are compatible with the existing literature
on human motor control of second order dynamic systems [6, 7].
Details of the experiment design are presented in Figure 2 and Ta-
ble 1.

The experiment consisted of four seatings, each of which fo-
cused on a different set of parameter variations at the target fre-
quency. Figure 3 presents the magnitude Bode plots of the position
and impedance transfer functions for each seating. In particular,
the gain value G of the transfer functions was changed in Seating
1, while the damping coefficient ζ was altered in Seating 2. In
Seating 3, both the gain and damping parameters were changed si-
multaneously to check coupled effects. In Seating 4, the parameters
were adjusted such that the peaks of the magnitude Bode plots were
matched while the different damping ratios were set to investigate
effect of different slopes on the magnitude plot.

At the start of each seating, participants were trained with an
intense learning session (denoted with L in Figure 2) before catch
trials were administered. On the first day, the learning session con-
sisted of 40 trials of 10 seconds each with the nominal second order
system of 1 Hz natural frequency, while on the later days of testing,
20 learning trials were completed, since it was sufficient to reach the
same performance level achieved at the end of the first day. How-
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Table 1: Experiment seatings, effect levels, nominal and target system parameters and the location of the related Bode plots are presented.

Seating Task Effect Levels System Parameters Related Figure

Low Freq. Nominal - - m2 = 1kg, b = 2.4Ns/m, k = 40N/m, G = 0.272 and ωn = 1.066 Low Freq. with Legend (0) in Figure 3

Seating 1 Gain Change

High Freq. Nominal m2 = 0.8kg, b = 2.4Ns/m, k = 64N/m, G = 0.32 and ωn = 1.423 Legend (1) in Figure 3

G Lowest m2 = 0.8kg, b = 2.4Ns/m, k = 64N/m, G = 0.128 and ωn = 1.423 Legend (2) in Figure 3

G Lower m2 = 0.8kg, b = 2.4Ns/m, k = 64N/m, G = 0.224 and ωn = 1.423 Legend (3) in Figure 3

G Higher m2 = 0.8kg, b = 2.4Ns/m, k = 64N/m, G = 0.416 and ωn = 1.423 Legend (4) in Figure 3

G Highest m2 = 0.8kg, b = 2.4Ns/m, k = 64N/m, G = 0.512 and ωn = 1.423 Legend (5) in Figure 3

Seating 2 Damping Change

High Freq. Nominal m2 = 0.8kg, b = 2.4Ns/m, k = 64N/m, G = 0.32 and ωn = 1.423 Legend (1) in Figure 3

Damp Lower m2 = 0.8kg, b = 2Ns/m, k = 64N/m, G = 0.32 and ωn = 1.423 Legend (6) in Figure 3

Damp Lowest m2 = 0.8kg, b = 1.8Ns/m, k = 64N/m, G = 0.32 and ωn = 1.423 Legend (7) in Figure 3

Damp Higher m2 = 0.8kg, b = 3.6Ns/m, k = 64N/m, G = 0.32 and ωn = 1.423 Legend (8) in Figure 3

Damp Highest m2 = 0.8kg, b = 5.2Ns/m, k = 64N/m, G = 0.32 and ωn = 1.423 Legend (9) in Figure 3

Seating 3 Gain and Damping Change

High Freq. Nominal m2 = 0.8kg, b = 2.4Ns/m, k = 64N/m, G = 0.32 and ωn = 1.423 Legend (1) in Figure 3

Low Damp/High G m2 = 0.8kg, b = 1.2Ns/m, k = 64N/m, G = 0.512 and ωn = 1.423 Legend (10) in Figure 3

High Damp/High G m2 = 0.8kg, b = 5.1Ns/m, k = 64N/m, G = 0.512 and ωn = 1.423 Legend (11) in Figure 3

Low Damp/Low G m2 = 0.8kg, b = 1.2Ns/m, k = 64N/m, G = 0.128 and ωn = 1.423 Legend (12) in Figure 3

High Damp/Low G m2 = 0.8kg, b = 5.1Ns/m, k = 64N/m, G = 0.128 and ωn = 1.423 Legend (13) in Figure 3

Seating 4 Common Peak Magnitude with Different Damping

High Freq. Nominal m2 = 0.8kg, b = 2.4Ns/m, k = 64N/m, G = 0.32 and ωn = 1.423 Legend (1) in Figure 3

Lowest m2 = 0.8kg, b = 1.2Ns/m, k = 64N/m, G = 0.16 and ωn = 1.423 Legend (14) in Figure 3

Lower m2 = 0.8kg, b = 1.8Ns/m, k = 64N/m, G = 0.24 and ωn = 1.423 Legend (15) in Figure 3

Higher m2 = 0.8kg, b = 3.0Ns/m, k = 64N/m, G = 0.40 and ωn = 1.423 Legend (16) in Figure 3

Highest m2 = 0.8kg, b = 3.6Ns/m, k = 64N/m, G = 0.48 and ωn = 1.423 Legend (17) in Figure 3
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Figure 3: Magnitude Bode plots of the virtual systems used in the experiment. Position and impedance transfer functions of each system are
plotted with the parameters given in Table 1.

169



ever, if the excitation frequencies for 8 out of last 10 trials were not
within the 5-percent performance range, then the participants were
asked to complete 10 more trials until the performance goal was
met. All participants understood the task in the first 10 to 20 tri-
als and were consistently exciting the nominal system at its natural
frequency. Feedback about the performance of the participant was
provided at every trial in learning session to correct any possible
bias in the adaptation procedure. To provide feedback, frequency
of excitation of the participant was compared with the natural fre-
quency of the 1 Hz nominal system. A message indicating if oscil-
lation frequency was greater than, lower than or within 5 percent of
the system natural frequency was displayed so that the participant
could increase, decrease or maintain their input frequency.

At each seating, following the completion of the learning ses-
sion L, participants attended catch trial sessions (shown as C1 to
C4 in Figure 2). There existed 5 different parameter sets in each
seating, which were randomly presented to the user within a block
(five consecutive catch trials) of the experiment. These parameter
sets are indicated by the five frequency response plots in each panel
of Figure 3. Repetition of this block for ten times in every catch
session resulted in 50 trial sets. Between every block, a learning
set trial was administered to the user with feedback provided, in
order to help wash out the effects of catch trials. Each catch trial
lasted 20 seconds; for the first 10 seconds the participants excited
the nominal system at 1 Hz. After this, the virtual system param-
eters were changed to one of the randomly selected parameter sets
of the appropriate seating with a natural frequency of 1.4 Hz. The
participants adapted to the new dynamics at 1.4 Hz and excited this
new system within the next 10 seconds of the catch trial.

Table 1 lists each seating, the effect levels, the system parameters
used to implement the virtual systems and the location of the related
magnitude Bode plots of position and impedance transfer functions
(Eqns. (3) and (4), respectively). Each of the four seatings focused
on the effects of different system parameter variations; however,
one parameter set was kept the same throughout all catch sessions
(’High Freq. Nominal’ values in Table 1) in order allow for cross
comparisons.

2.4 Data Analysis

Displacement and velocity data of end effector (m1) and m2 were
collected at 500 Hz during every trial. For 20 seconds of trials,
a total of 10000 data points are acquired for each parameter set
for every catch session. The hand excitation data was processed in
Matlab using time-frequency scripts1. The preprocessed data was
down sampled to 50 Hz and then passed through a 129-point Ham-
ming window. The spectrogram (time-frequency trajectories) pro-
files were obtained and the frequencies with the maximum power
content at each instant of time were extracted. A plot of frequency
as a function of the duration of a catch trial is given in Figure 4.
One can observe the variation of hand excitation frequency while
adapting from the 1 Hz nominal system to the 1.4 Hz target system.

The goal of each catch session is to evaluate the effect of par-
ticular parameter sets on adaptation of hand excitation frequency
between nominal and target system, primarily focusing on rate
of adaptation and steady state error. Since each set of param-
eters was provided to participants for ten times in a catch ses-
sion, average value of the recorded data for each set was taken
after calculating frequencies with maximum power content at ev-
ery time instant. Subsequently, an exponential fit with three pa-
rameters (L0, L∞ and τ) was performed according to the formula:
F = L0 − (L0 −L∞) e−τ t . In this equation, L0 represents the start-
ing frequency, L∞ is the steady state value after adaptation, while
τ (the time constant of the exponential function) models the rate of
adaptation. Since the change in parameters were administered at
the 10th second of a catch trial, the exponential curves were fitted

1Available at http://tftb.nongnu.org/ for download
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Figure 4: Frequency spectrum as a function of time for a sample
catch trial. Exponential fit for the trial is also presented.

on the data starting from this instant. To determine the L0 param-
eter, the average frequency of excitation between the 8th and 10th
seconds of the catch trial were used.

One factor repeated measure ANOVAs (Analysis of Variance)
were used to determine significant differences (alpha=0.05) among
the five systems in each seating conditions. Multiple pair wise com-
parisons were performed by using Bonferroni Confidence interval
adjustments.

3 RESULTS AND DISCUSSION

For ten seconds in every trial, the parameter set for low frequency
was used which was overtrained by the participant. After these ten
seconds, a catch occurred where the system parameters were altered
to present a system with higher frequency response. Data acquired
from all sessions were processed as detailed in Section 2.4, and per-
formance measures were analyzed in order to examine the human
response to system dynamics alteration; the rate of adaptation is (τ)
and the steady state excitation frequency for the catch system (L∞).
A third variable L0 measures the steady state excitation frequency
for the overtrained 1 Hz nominal system dynamics. For each of the
catch trials, L0 values were observed to be within the JND value of
1 Hz (within ±4% of 1 Hz).

3.1 Seating 1 – Varying Gain

In Seating 1, the effects of changing gain G on human adaptation
was studied. Two target systems with higher and two target sys-
tems with lower gain values than the high frequency nominal sys-
tem were tested. The parameters for the four target systems are
summarized in Table 1. The Bode plots of target systems are given
in Figure 3 (a).

It was hypothesized that increasing the gain will decrease steady
state error while increasing the time of convergence. Results indi-
cate that the change of gain G has no statistically significant effect
on the steady state frequency values, L∞ [F(4,24) = 0.9; p = 0.47].
However, the rates of adaptation are significantly affected by altered
gain values.

Figure 5 presents the rate of adaptation results for Seating 1. In
particular, box plots of τ values are shown for each level of gain pa-
rameter and statistically significant interactions with p < 0.05 are
marked. There is a significant difference in the adaptation rates for
‘lowest’ gain level and all other gain levels. There are also signifi-
cant differences in the adaptation rates between ‘lower’ and ‘high-
est’ gain levels. Systems with intermediate gain values were not
significantly different from each other in terms of adaptation rates;
however, there exists an overall trend for the mean values indicating
a monotonic decrease of adaptation rates as the gain is increased.
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Figure 5: Box plots for Seating 1 for varying gain G values. Statisti-
cally significant pairs with p < 0.05 are marked.

The fact that the change in gain does not effect L∞ values is in
agreement with the recent findings in the literature [6] which state
that humans can robustly identify the natural frequency of a second
order system and excite it at this natural frequency even when the
magnitude cues are changed. On the other hand, the adaptation rate
is significantly affected in such a way that the rate of adaptation
decreases as the gain is increased. Since, when the gain is increased,
the required effort to complete the task increases, the decrease in
adaptation rate can be attributed to the inherent trade-off between
task performance and effort in human motor control.

3.2 Seating 2 – Varying Damping

The second seating studied effects of the changing the damping ra-
tio b of the system. Two target systems with higher and two target
systems with lower damping ratios than the high frequency nominal
system were tested. The parameters for the four target systems are
summarized in Table 1. The Bode plots of target systems are given
in Figure 3 (b).
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Figure 6: Box plots for Seating 2 for varying damping ζ values. Sta-
tistically significant pairs with p < 0.05 are marked.

It was hypothesized that increasing the damping will have a sta-
bilizing effect on human motor control, while perception of the nat-
ural frequency will be diminished. Results indicate that all of steady
state frequency values L∞ except for the ‘highest’ damping level

are within the JND at 1.4 Hz. There exists a statistically significant
difference with p < 0.05 in the L∞ value for ‘highest’ damping set
and all other sets. In particular, participants overshoot the target fre-
quency with an average error of 0.16 Hz with the ‘highest’ damping
level.

Figure 6 depicts the rate of adaptation results for Seating 2. In
particular, box plots of τ values are shown for each level of damp-
ing parameter and statistically significant interactions with p< 0.05
are marked. There exists a statistically significant difference be-
tween adaptation rates with ‘lower’ and ‘higher’ damping levels,
indicating faster adaptation with the increased damping level. The
mean values of adaptation rates exhibit a monotonically increasing
trend as the damping is increased from ‘lower’ to ‘higher’ level.
The adaptation rates seem to saturate out of these levels, that is, the
monotonic trend flattens at extremes. In particular, the means of
‘lowest’ and ‘lower’ levels and the means of ‘highest’ and ‘high’
levels stay close to each other.

The steady state frequency overshoot with the ‘highest’ damping
level may be attributed to decreased human perception due to the
diminished peak of the magnitude Bode transfer function. The in-
crease of the rate of adaptation as the damping is increased within a
certain range may be attributed to the stabilizing effects of damping
beneficially affecting the human excitation.

3.3 Seating 3 – Varying Gain & Damping

Seating 3 investigated aggregated effects of simultaneous changes
in damping and the gain parameters of the system. In addition to
the high frequency nominal parameter set, the test conditions in-
cluded lower damping, higher gain (low b / high G); higher damp-
ing, higher gain (high b / high G); lower damping, lower gain (low
b / low G) and higher damping, lower gain (high b / low G) systems.
The parameters for the four target systems are summarized in Table
1. The Bode plots of target systems are given in Figure 3 (c).

Figure 7 depicts steady state frequency and the rate of adaptation
results for Seating 3. In particular, box plots of L∞ and τ values are
shown for each level of damping parameter and statistically signifi-
cant interactions with p < 0.05 are marked. The experiment results
indicate that the steady state frequency for the nominal parameter
set and the parameter sets with ‘low’ damping values fall within
JND at 1.4 Hz. However, the parameter sets with ‘high’ damping
values overshoot the steady state frequency regardless of the value
of the gain parameters. The difference among the ‘low’ and ‘high’
damping sets are statistically significant. The rate of adaptation re-
sults indicate a statistically significant difference between opposite
pairs of parameters, with ‘low damping-high gain’ parameter set
exhibiting a lower rate of adaptation than ‘high damping-low gain’
set. There also exists a trend among ‘low’ gain and ‘high’ gain pa-
rameter sets, indicating lower adaptation rates for high gain systems
when compared to low gain ones.

The steady state frequency results are consistent with Seating 2,
and the overshoot may be attributed to the effect of damping on
the magnitude transfer function and impact on human perception.
The adaptation rate results are consistent with Seating 1, confirm-
ing that as the gain (required effort for the task) increases, the task
performance decreases.

3.4 Seating 4 – Common Peak Magnitude

In Seating 4, the parameters were adjusted such that the peaks of the
magnitude Bode plots were matched at the natural frequency of the
target systems, while different damping ratios were set to test effect
of different slopes on the magnitude plots. Two target systems with
‘higher’ and two target systems with ‘lower’ damping (slope) than
the high frequency nominal system were tested. The parameters for
the four target systems are summarized in Table 1. The Bode plots
of target systems are given in Figure 3 (d).
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Figure 7: Box plots for Seating 3 for varying gain G and damping ζ parameters simultaneously. Statistically significant pairs with p < 0.05 are
marked.

Results indicate that all of steady state frequency values L∞ are
within the JND at 1.4 Hz. Similarly, there exists no statistically
significant difference in the τ values among the parameter sets
[F(4,24) = 0.19; p = 0.94].

These results are consistent with the previous results, providing
evidence that the gain of the Bode magnitude plots is an important
factor effecting the rate of adaptation. The results also indicate that
when the gains of the systems are normalized around the operating
point (natural frequency of the target system), the effect of damping
parameter is insignificant for the tested range of damping values.

4 CONCLUSIONS

We explored the effects of dynamic response and parameters of a
second order dynamic system on human motor adaptation while
performing a rhythmic dynamic task. The results of the experiment
with four seatings demonstrate that parameters of a dynamic sys-
tem have significant effects especially on the rate of human motor
adaptation. Results provide evidence that the rate of adaptation is
strongly related to the required effort to complete the task and that
the rate of adaptation decreases as the effort to complete the task is
increased. Along these lines, the results also indicate that scaling
of haptic feedback significantly affects the rate of adaptation.

The results are important in that they suggest a trade-off on use
of haptic feedback. On one hand, haptic feedback may positively
affect the perception of the task dynamics beneficially affecting the
task performance, while on the other hand too much haptic feed-
back may have detrimental effects due to increase in the required
effort to complete the task.

In order to distinctly analyze the effects of haptic and visual
feedback, additional experiments using equivalent systems are be-
ing conducted. In particular, using systems with identical position
transfer functions, we can render different forces to the user for the
same visual output, while utilizing equivalent systems with iden-
tical impedance transfer function, the same level of forces can be
fed back to the user for different visual outputs. Initial results of
these experiments are in good agreement with the results of this pa-
per. Determination of the optimal level of haptic feedback for the
second order virtual resonance task is left as future work.
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