Investigation of motor adaptation to movement versus objacimeters.
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Abstract— In this study healthy human subjects (n=10) man- If the desired motion remains fixed while the object proper-
ually controlled a rotary handle to track a sinusoidally moving  ties changes, the motor system may transfer the associated
target as displayed on a computer screen. During movement, 5y and object kinematics to the new conditions. Similafly,

either the apparent handle inertia or tracking frequency . . s . . ;
changed to a higher or lower value. We analyzed the initial the object properties remain fixed while the desired motion

performance recovery following task perturbation using a linear changes, task-specific strategies associated with thectobje
fit of the velocity tracking error trends. For both types of task may still be useful for control. However, changes to the
perturbations, we found significant increases in the intercept properties of the arm or manipulated object might requiee th
of the line fit (paired t-tests, two-tailed: p<.05) compared t© b man to perform interactive probing in order to develop an

trials with no change. We also found that adaptation rates . ¢ | tati iate f trol
indicated by the slope of the line fit of the tracking velocity Internal representation appropriate for control.

error were larger for frequency changes than for apparent

changes of the inertia for parameter increases (£0.029, paired ~arget Motion Object
t-tests, one-tailed) and parameter decreases £0.055, paired t- ??ft}{r??tf'?”s Adaptati Pertubations
tests, one-tailed). Our results provide evidence that humans use! . aptation 1

low impedance control that is task-specific to object parameters | : P
such as inertia. In addition, the results provide evidence that the j y— Coyﬂ{LLER
adaptation to motion parameter changes and object parameter LEEEG

changes are different control processes.
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Index Terms— internal model, upper extremity, manual con-  Fig. 1. \We examine motor adaptation responses to perturisaitioeither

trol, motor control, motor adaptation. the target motion or in the object properties. Updating thetratier to cope
with changes an the object could require a different adaptigchanism than
changes in the motion plan.
I. INTRODUCTION

Successful control of arm movement during the manipula- The current study examines differences in motor responses
tion of external objects requires not only kinematic plaigni to changes in movement parameters versus changes in the
of joint and object trajectories but also a means for copirpject parameters, as shown in Figure 1). We chose a manual
with interaction forces that arise during motion[1]. Théask in which interaction with an external inertia giveseris
use of high impedance may be required to accommoddageforces between the arm and an environment. Study of how
unexpected or random force interactions while attemptifmans response to changes in conditions for this task may
to perform the desired motion[2]. However, in predictableeveal behavior typical of human interaction with everyday
environments, low impedance control with the appropriagbjects. We hypothesize that the motor system will adapt
muscle activation might allow the motor system to achiei@ changes in object properties in a process distinct from
performance comparable to high impedance control but wighanges in motion planning.
less energetic costs.

Low impedance control could imply the presence of a Il. METHODS
control strategy specifically adapted to a task. Research orin this study we investigate motor adaptation during con-
planar arm movements using a motorized manipulator h&el of a virtual object presented through a programmable
demonstrated learned task-specific adaptation to deégtagil manual interface. The goal of the motor task in this experi-
force fields [3]. Other studies have uncovered evidenegent was to control the motion of a rotary handle in order to
that humans use task-specific strategies in the positioniftdiow a sinusoidally moving target as viewed on a computer
of external objects such as a virtual spring-mass or agreen. Our experiment compared the adaptation response
inverted pendulum [4],[5]. Internal representations witthe to sudden changes in conditions during a manual tracking
motor control system have been proposed for how humatask. We explain in the following sections the development
control movement in predictable environments[6]. Such loef a virtual environment that allowed for the perception of
impedance control would achieve performance goals efflhanging apparent inertia of the handle. We also describe th
ciently by applying only the necessary muscle activation. experiment protocol and metrics used to gauge the success

When the human motor system is required to cope with the tracking task.
changing conditions, one possible adaptation scheme is to
incorporate only the necessary component changes to tont®) Development of virtual inertia interaction environment
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displacemen®; (t) is driven by the displacemerst,(t) of be possible, such as equal change in terms of JND (just
a handle, driven in turn by the user's hand. We use |, Boticeable difference) in parameters or equal changesak pe
and k as the parameters of the inertia, damper, and sprinteraction torque. This method of choosing the parameter
system and consider the handle massless. Proper seleatimgnitudes, however, addresses the null hypothesis tlgat an
of spring stiffness and damping properties allows a closkfferences in performance between tasks perturbatioa typ
approximation of a direct interaction with an inertia operare due to differences in required work.
ating at sufficiently low driving frequencies. The equation 3) Description of Apparatus. We designed and con-
governingd;(t) and the interaction torque(t) are: structed a manual interface with a motorized handle that

- : : 9 rotates about a horizontal axis. Using one hand, a human

01(t) + 20wn (01() = O (1)) + wn(6:(2) — 0n (1)) =0 (1) operator can grasp and turn a T-shaped handle comfortably
T(t) = —B(éh(t) — é,(t)) —k(0;(t) — 0,(1)) (2) with pronation/supination movements of the forearm. Using
_ our apparatus, we created a virtual representation of agpri
where ¢ = 2B/I andw, = \/k/I. Using the Laplace jnaria system that could be manipulated by an operator. We
variables = o + jw and j = */__1 it can be shown that implemented a real-time simulation of the dynamic behavior
the transfer functhn G(s). degcrlblng the handle motion Wcluding haptic display as expressed in our model of the
response to force interaction is: system in Equation (2). Data were logged at 100 Hz.

s+ 2Qwps+wh 1 1

) = G re 20 T S e O
Note from Equation (3) that if the driving frequency i; 1) Human Subjects Ten participants (9 male, 1 fe-
much less than the natural frequency of the spring and me%ale) volunteered for the study. All reported having

system, the effective dynamics of Equation (2) then deesribn0rmal/corrected-to-normal vision. Each provided infetm
the behavior of a simple rotary inertia, whetg(t) ~ 0,(t).

‘ , ) consent in accordance with University of Michigan human
The spring constant and damping constant are fixed (k=0.g4.oct protection policies. Individuals were not paiditeir
N-m/rad, B=0.015) for all conditions for the current study. o icination. Participants were asked to use their dontina
hand (all reported being right-handed) to operate the appa-
ratus.

B. Experiment Protocol
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effects of an interaction with a simple rotational inertia. il

; amet . Fig. 3. Experiment participants use a rotary handle to tréekrhotion
2) Selection of Task Par er Changes‘ We chose of a square target moving between two markers (fixed-a45 degrees)

changes in the inertia parameter and the tracking frequengydisplayed on a screen. Haptic feedback presented thribeghandle
that resulted in the same change in steady state RM®ulated interaction with a rotary inertia.

power during sinusoidal motion. Assumiry(t) ~ 0,(t),
and perfect tracking of sinusoidal motion, with amplitude 2) Description of Manual Task: As depicted in Figure
A, frequency w, and inertia |, thenr(t) = 16,(t) = 3, subjects grasped a motorized handle and performed arm
—I'Aw?sin(wt) and the mechanical power is: pronation and supination. Participants were instructesbto
_ ; . 2 . trol the handle in order to follow a sinusoidally moving terg

P(t) = r()n(t) = (-1 Aw"sin(wt)) - (Awcos(wt))  (4) as accurately and smoothly as possible. Visual feedback was
The power input expressed &&(¢),.. x Iw?*, exhibits provided of the handle, pictured as an arrow pivoted about
a proportional relationship to the inertia or the cube of its center, and moving target, pictured as a square moving
driving frequencyw. The equations above can then be usesh an arc outside the radius ( 3.5 cm) of the arrow. Subjects
as a guide to set the parameter values of either inertia performed the task while seated ( 50 cm from the screen)
frequency change. For example, a 50% power reductiand were given instructions on arm and hand posture.
implies either a 50% drop i, or a0.5'/® change in the  The interface provided haptic feedback appropriate to the
driving frequencyw. Note these results dictate the mechamanipulation of a specified inertia. During each 30 second
ical work required as opposed to the actual metabolic cdshl, the target oscillated between fixed markers 45 degree
incurred. Other methods to balance the perturbations magart (centered about the vertical) at either a low frequenc



(w, =4.50 rad/s) or a high frequency4{ =5.15 rad/s). Also changes of task parameters (frequency or apparent inertia)
during each trial, the apparent inertia of the handle wagere significant as compared to null transitions, we compare
either set at a low valué;=0.012kg - m? or a high value line fit valueb between transition types, using a paired t-test
I, =0.0179 kg - m?. In the experiment, the four unique(p<.05 significance level). In order to determine if the sub-
parameter combinations of target frequency and apparsegjuent recovery behavior differs between the pertunbatio
handle inertia were given according to a random scheduletypes we perform a paired t-test on the slope values
that all 16 transitions were represented. There were a total

I1l. RESULTS
We found significant results from only the effects of

transition type factor, from both the line intercept (p=2B0
and the line slope (p=0.040) two-way ANOVA results.
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C. Tracki ng Error Perfor ce Analyss Fig. 5. Mean velocity error trends (1 sec moving RMS, normdlize

In order to compare performance in tracking for the vatdal mean), averaged across subjects (with SD) indicate increases in
ious experiment conditions, we examined the velocity err{fg?grﬂfgntcc’e C(rr'ggrgeesz&Lgoﬂt;aﬂ?]eetaﬁ?:igfyt:%rlg ES‘ggfmrngﬁér
between the handle and the target velocities. In our arglysites of adaptation for changes of apparent inertia.
of the recorded movement data we found more gradual
changes in RMS of velocity error compared to position error. As shown in Figure 5, the RMS of velocity error plots
We make the assumption that these gradual changes amemonstrate initially larger error and gradual decreasr ov
better reflection of any changes requiring learning or mottiie 30 second trial for all cases with a change of condition.
adaptation. We calculated the RMS velocity error, using Ror increases in task parameters, velocity error linear fits
1 second moving window for each 30 second trial, anddicate significantly larger values for the line intercégor
then normalized the results by the mean trial value. Wihanges of both target frequency (49.3%, p=.0117, paired
characterized the adaptation in response to a change bf tritests, two-tailed) and apparent inertia (25.5%, p=.0415
conditions by performing a linear fit of the first five secondpaired t-tests, two-tailed) compared to the null change. Fo
of the RMS velocity error trends. We present the results decreases in task parameters, linear fits also indicaté-sign
linear fit parameters fortE'z,,5(t) = mt+b, wherem is the icantly larger values ob for changes of target frequency
line slope,b is the line intercept, and is the trial time in (16.0%, p=.0385, paired t-tests, two-tailed) and apparent
seconds. The subject averaged trends, grouped by tramsitivertia (35.4%, p=.0904, paired t-tests, two-tailed).
type, were then analyzed. The rates of velocity error change indicated by the linear fit

We first perform an analysis of variance, consideringaluem were typically negative, indicating reduction of error
p<.05 a the threshold level for significance. Using thever time. As summarized in Table-l, for increases in task
line fit values as the outcome variables, we consider magiarameters, the rate value was on average 65.6% smaller
effects and two-way interactions for transition typeNul{ for changes of apparent inertia (p=0.029, paired t-tests; o
Change, Inertia-Change, Frequency Change); directionality: tailed) compared to target frequency. For decreases iratie t
(Parameter Increase, Parameter Decrease), and trial replicate parametersyn was on average 68.1% smaller for changes of
(1/2). In order to show that the initial responses to actuapparent inertia (p=0.055, paired t-tests, one-tailed).



Pooling the results for both decreases and increases ihransition Parameter Parameter
task parameters, as shown in Figure 6 with first and second TYP€ Increase Decrease
subject wide quartiles, line intercepts for both target Null b=1.00+ 0.27 b=1.06+ 0.25
frequency (p=.007, paired t-test, two-tailed) and apparen m=-0.002+ 0.075 | m=-0.027+ 0.081
inertia (p=.0362, paired t-test, two-tailed) are signifitya Inertia b=1.30+ 0.21* b=1.23+ 0.21
larger than for the null change. We also find 9.1% smaller m=-0.045+ 0.087** | m=-0.033+ 0.072**
values ofb for changes in apparent inertia versus target-requency||  b=1.50+ 0.37* b=1.44+ 0.40*
frequency (p=0.021, paired t-tests, one-tailed). Charajes m=-0.13+ 0.11** m=-0.10+ 0.11**

inertia show 91.5% smaller values wfcompared to change TABLE |. Linear fit parameters (paired t-tests: *two-tailed
of target frequency (p=0.032, paired t-tests, one-tailed)  gjgnificant differences compared to null, **one-tailedrsfe
icant differences between frequency and inertia.

a . -

g e £ 005 Q ﬁ H The reason for a longer period of adjustment in reaction

g w0 T o - - ﬁ to a change of inertia may be that the appropriate low

® |, B D, impedance strategy is not yet available. A system identifi-

2 H ; i . ! cation process may be necessary to obtain the new inertia
1 - ! model before good performance can be achieved. Perceptual-
0s) + o T motor coordination may be necessary for adjusting to the

Nul - Intertia  Freq Nul - Intertia  Freq novel object conditions. Note from Figure 5 (right), the

Fig. 6. Mean line fit parameters of initial adaptation velpatror RMS slope for t_he Uull change_ IS comp_arable tO_ the case for_a
(t=0-5 sec) averaged across subjects are shown with medéiaogmer and decrease inertia, suggesting possible continued adaptati
lower quartiles. Line intercept$, for both target frequency (p=.007, pairedeven through constant task conditions. Probing the object

t-test, two-tailed) and apparent inertia (p=.0362, pairtabt, two-tailed) are : ; ; ; :
significantly larger than for the null change. Line slopesindicate fastest and observing its responses in an interactive manner over

recovery rate for changes of target frequency compared tareppinertia an extended period may be the way that the motor system
(p=-032, paired t-test, one-tailed). obtains information about the actual properties.
The results from this study suggest that the human motor
system uses task-specific strategies during the manipnlati
IV. DISCUSSION of inertia in a simple sinusoidal tracking task. Given such

a motor task with predictable force interactions, the human

Analysis of the initial error responses to parameter Changr%otor system may employ a simple control strategy to take

prov_lded ew_denc_e that humans employed tasl_<-spe_C|f|c ¢ fvantage of lower energetic costs. A low impedance control
trol in the sinusoidal tracking task presented in this expe

iment. The trends of RMS error between the target ari{&heme adapted specifically to object properties such as

handl locities indicated sianificant perturbati 4 ertia could account for the trends observed in this study.
andie velocities Indicated significant pEnurbalionuoking 1 age regylts also support the conclusion that differetdmo
for changes of both the tracking frequency or appare

inertia. D_iscrepancies between the p_erceived and actugggtta i&:\l’r:r?:;r: \t) er;)Scue ssi?];]tgzg i?]licbej elc‘: F;Z?s%ligr? changes in
frequencies would expectedly result in movement error. How
ever, for cases where the target movement has not changed,

the resulting increased error must have been the result otl_hiS work is suACg:'l[gc\jN:_nEDg::EbNT;e Midwest Regional
muscle activation inappropriate to the task. A high impe@anpanapilitation Net\F/)v%rk (R24)!J y 9
control strategy would be able reject disturbances for gean
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