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Abstract— Immersive virtual environments show great
promise for use in applications such as design argtototyping,
data visualization, and rehabilitation of motor impairments.
However, our understanding of how people of variousages
process and use sensory information to complete tes within
these environments is limited. The purpose of theesearch
described here was to characterize motor performare in
virtual environments across the lifespan on simple,
foundational skills. Our results indicated that chidren and
older adults used different strategies when perforimg the task
when compared to young adults. While older adultadjusted
for the virtual environment by planning a slower mosement,
children compensated for the artificial environmentby relying
on feedback to a greater extent. Movement strategs for the
youngest and oldest groups were also different irhé virtual
environment when compared to results from natural
environment experiments. We conclude that childrenand
older adults do not plan movements or make use ofssory
information in a similar fashion to young and middle-aged
adults when performing in a virtual environment. The design
implications of these results are related to diffegnces in
needed sensory information between children, younand older
adults, the transfer of training effects between vtual and real
environments, and important differences between péormance
and learning applications.
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l. INTRODUCTION

With the expansion of the role of computers in st§0
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movements where targets were visually displaced. We
found that children and older adults used differgtrategies
when performing reach to grasp tasks in a virtual
environment when compared to young adults. Symadliyi,
older adults adjusted for the virtual environmeny b
planning a slower movement, while children comp&tsa
for the artificial environment by relying on feedato a
greater extent. In the current paper we extend 1gnby
including a more detailed literature review, additl and
detailed kinematic analyses and a more thoroughugson

of the implication of these results.

The structure of this paper is as follows. In Smctil we
present a thorough review of the literature upornctvithis
work is motivated. In Section Il we describe the
experimental method used in this paper to invetighe
roles of age and vision on the performance of réaarasp
movements in virtual environments. In Section e
results of the statistical analyses are presentddiaally, in
Section V the results are discussed in the coméxhe
current state of knowledge and potential
applications/implications of this work.

Il.  REVIEW OF LITERATURE

To adequately frame the theory and methods uséukin
research study presented here, this review oftitiee first
covers recent work on the influence of age on human
computer interaction (Section A). Next, we revi¢he
current knowledge regarding the control of simpled a
bimanual movements in both natural and computer

the workplace, and homes, the population of use® W generated environments (Section B) as well as the
make regular use of computing technology has growmngtivation behind using a perturbation task in teigdy

exponentially. Unfortunately, Human-Computer latgion
(HCI) research has not reflected this demograpédtity.
The purpose of the research reported here is tim tedill
this large gap in knowledge by determining how glge of
the wuser influences motor performance
environments.
middle age adults and older adult participants éofggm

simple and bimanual reach to grasp movements, angeen

in  virtual
In [1], we asked children, young lelu US population is between the ages of 5 and 18 dndlzer

(Section C). Finally, in Section D we present the
hypotheses for the current study.

A. HCl and Age
Results of the 2010 US Census show that 17.5% eof th

40% of the population is above the age of 45 |Rhas also
reported that Europe is experiencing an aging
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population, with projections of 35% of the popuatibeing  function of age [27], [29]. Most of this informati centers
above the age of 65 by 2025 [3]. Still most HCleaash is  on the input device, specifically mouse usage ildon
focused on younger people, often university or eg#l and older adults. It is reported that there areymage-
students [4]. Rather than representing the trueslatipn of  related changes, and in general it is quite diffidor
computer users, most experimental HCI researchiaised  children and older individuals to use a mouse [22Z8].
heavily towards the cognitive and motor abilitidsyoung  Maintaining adequate pressure and the act of deuble
adults. clicking seem to consistently be the most problémat

In order to wunderstand how age may influenceDifficulty with cursor control is named as a topngglaint
performance on tasks requiring human-computeeamong older individuals [4], [26]. It has also beshown
interaction, we must first take a step back andewstdnd that performance within a standard computer interfes
the influence of age on movement performance iregdn slower and results in a greater number of errorth wi
The human body is a constantly changing entityuphmut  increased age of the operator.
the lifespan and all systems of the human bodyudticg Much less is known about how age influences
the sensorimotor system, undergo changes. Movemeperformance within immersive three-dimensional (3-D
programming functions are organized quite diffelgerin virtual environments (VEs) [32]-[34]. Immersive ¥Ere
children than in young adults [5], [6]. Furtheudies have becoming more prominent as the costs of the retevan
shown that children process sensory informatiomfidsual  tracking and display technologies decrease. VEs ar
and proprioceptive receptors differently than agl{iff, [8]. = commonly used in design and prototyping, data
Children tend to rely on visual feedback to a geaixtent visualization, medical training, architecture, eahimn, and
[9]. There is also a general indication that batle  entertainment. Further, recent research has fdcorethe
processing of afferent information, or incomingrsits to  utility of VEs for rehabilitation of motor impairnmés such
the central nervous system (CNS), and the produadio as stroke in the elderly and attention deficit hggévity
efferent information, or outgoing commands, stgadil disorder (ADHD), developmental coordination disardad
changes as a function of age in the developing humacerebral palsy in the young [35], [36]. Howeveechuse
Once beyond the “development” stage of the lifespiaio  there is a paucity of information on how healthyldiien
older adulthood, the volume of research on agde@la and older adults interact in VEs, it is likely thhe success
changes greatly expands. Multiple authors dematestr of these systems will struggle. Specifically, it niearly
physical changes in brain tissues [10]-[12], changethe impossible to extrapolate design characteristiomfhealthy
activation of motor neurons in the brain [13], andeneral young adults to special-needs children and olderitad
loss of nerve tissue [11], [12]. These tissue geanthen Results of the few studies conducted on performaccess
result in myriad functional declines within the CNS$here  age-groups within virtual environments indicateevaint
is a general deterioration of motor planning [14F] and  disparities in reactions to environmental immersiosage
anticipatory control [16], as well as slowing ofnteal of various input devices, size estimation abilitgnd
processing [17]-[20]. navigational skills [32]-[34]. According to Alleet al. [32],

These transformations in the sensorimotor systeve ba ‘“these results highlight the importance of consittgrage
resultant effect on motor performance in daily.liféhildren  differences when designing for the population egdd
tend to show less accuracy, decreased smoothness ofThe purpose of the research described here is to
movement, and decreased speed when compared tg yourharacterize motor performance in virtual environtae
adults [21]. Many of these same manifestationsofvec across the lifespan. To do this we asked partit¢§eanging
apparent as adults age. According to Schut [22stm in age from 7 to 90 years to perform a foundaticsidll
physiologic processes begin to decline at a raté%fper (bimanual reach to grasp) within a table-top virtua
year beginning at age 30. In general, aging adultenvironment. In the following sections, we deseriihe
demonstrate decreases in movement speed [14], [18mportance of the skill we chose to study.
accuracy [17], strength [23], hand dexterity [24nd . .
postural control [25], and increases in reactiometi B. Bimanual Reach to Grasp Sills o

So, how do these lifespan changes in information The performance of many everyday activities recuihe
processing within the CNS affect humans as they usgompletion of asymmetric but coordinated movemevith
computer interfaces? Where age-specific researstbaan 0ur two hands. For example, touch typing, tying our
conducted, the majority relates to the design ahdard Shoelaces, and even reaching for a mug with ond aad a
computer interface systems for various age groups. coffee pot with the other require the performanéewo
particular, research has focused on ways to improvéeparate but coordinated movements. Many asymmetric
cognitive performance through specific trainingtotorial ~ bimanual tasks such as the ones described abovéean
methods (e.g., [26], [27]), or on the age-apprdpridesign  Performed quite effortlessl_y in natural environngnfThis
of input devices (e.g., [28]-[31]). There is alsomodest Seamless control is possible because we use feetibr
body of scientific literature which explores theeas of sensory information (vision and proprioception)pte-plan
motor control in human computer interaction (HCH a

2013, © Copyright by authors, Published under agreement with IARIA - www.iaria.org



our movements and feedback sensory informationofer
line corrections during movement execution.

Recently, bimanual
important skills to (re)train in rehabilitation pozols
employing natural environments and virtual real8y]. In
rehabilitation training after stroke, these typédasks are
important for functional recovery because they meqgthe
areas of the brain most commonly afflicted by strdk
work with areas wusually left undamaged,
maximizing the potential for positive neuroplastitcanges
[38].
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movement plan appropriate to the acquisition ofténget at
this initial location. Shortly prior to or after mement onset

tasks have been targeted abe stimulus is suddenly replaced by a second &isnu

presented at an alternative location. The partittips thus
required to reorganize their movement to succdygsfmasp
the target at its new position. Results of studising
perturbation paradigms in both natural [43] andtual
environments [39] have indicated increased movement

therebytimes to displaced targets and double velocity peik

kinematic recordings.
Studying the performance of bimanual perturbatasks

While the study of bimanual movements has receiveih a VE can provide us with important informatiohoat

some attention in natural environments, very litl&nown

regarding the performance of these types of movésnian
virtual environments [39]. Further, no studies hibaked at
how the control of bimanual skills changes as altes age
in VEs. In order to successfully implement rehigddion

and training protocols that make use of these tyffdasks
it is imperative that we first obtain a baselinelerstanding
of how neurologically “normal” people across thiedpan
perform bimanual skills in VEs and how they usessen
information for the performance of these skills.

In natural environments, results from bimanual rmeet
studies have indicated that when the two limbsused to

how participants make use of visual informationinigithe
execution of a skill. This is particularly impontagiven that
the use of sensory information changes acrossiféapan
[44], [45] and all the visual information presentedusers
of VEs must be synthetically created. By comparespults
in the VE to studies performed in the “real” wosek can
determine whether performance is similar withinsthéwo
environments.

D. Hypotheses
We asked patrticipants ranging from 7 to 90 yearagef

accomplish both symmetric and asymmetric task goald0 perform bimanual reach to grasp movements iirtaal

coupling between the limbs for certain parametemics in
the temporal domain [40], [41]. In particular, mowent
onset, duration, and end times tend to be simiatHe two
hands when subjects aim toward or reach to gragpttof
different sizes or at different locations [40], [AHowever,
timing differences between the hands have beenshand
results indicate that these differences are adsacieith

insufficient visual feedback for movement contré2]. In

the current study we investigated whether the spatierns
of results are seen in virtual environments andthérehese
patterns change with age.
perturbation to specifically investigate how segs@isual)

information is used on-line by participants of wais ages
to modify their movements. These paradigms areudised
in more detail in the following section.

C. Unpredictable Environments: Perturbation Paradigms

We employed a targedf studies performed in natural environments.

environment. In the first set of trials, targetjeaits
remained at their initial position throughout tlask, giving

us a baseline performance for each participantse8an
previous literature on age differences and motor
performance, we expected that younger children @ddr
adults would perform the bimanual tasks more slotlign

the young adults. Further, we expected that teedpor
synchronization between the two hands would bed&ssg

in the youngest and oldest participants due ta ttediance

on visual feedback. These results would replita¢eresults
When
considering performance in the perturbation cood#j we
expected the youngest and oldest participants tawsh
decreased ability to respond to the visual displemg of
the target when compared to the young adults. ifsqaly,

it is known that young children and the elderly qass
sensory/visual information more slowly than yourdulés
[21], [22]. Since responding to the perturbatielies on the

An experimental paradigm that has been successfullgpeed of visual information processing, we hypatess

used to investigate the role of on-line visual infation for
the performance of goal

that children and older adults would respond mdogvly

directed tasks uses targetnd would show less coordinated movements in the

perturbation to study adjustments to ongoing mowveme perturbed conditions than the young adults.

The use of this type of paradigm allows us to disdeow
long it takes the nervous system to adapt to axpewed
visual change as well as the efficiency of the satagm.

In a target perturbation paradigm, the participat
unexpectedly presented with the requirement tor alteir
original movement plan either prior to or after rament
onset. An example of a typical perturbation paradig as
follows. A visual stimulus is presented to the mavant
prior to movement initiation and the participanngeates a

M. METHOD

In the following section we detail the method uged
determine how age influences performance in virtual
environments. We begin by describing our partictgzool
and the experimental apparatus. Next we desdnibéasks
performed by each participant. Finally we descobedata
analysis methods.
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superimposed graphical representations of the cubes

Fifty-one participants were divided into four agelad between motion of the LED and its graphical

categories: Children (7-12 years, n=13), Young sd(il8-
30 years, n=12), Middle adults (40-50 years, n=agy
Older adults (60+ years, n=12). Due to problems#$ wta

representation was indiscernible to participantsshield
was placed below the mirror to prevent subjectmfegeing
the real environment or their hands as they perairrine

collection final data analysis was conducted on 1J€ach-to-grasp task.

participants in the “Children” group and 11 paggnts in
the “Older adult” group. Decades of motor cont@seaarch
have indicated that a sample size of 10-12 pasditip
provides sufficient statistical power in this typereach to
grasp study. All participants were self-reportedhti

handers and had normal or corrected-to-normal wiskdl

participants provided informed consent before tglpart in

Participants wore CrystalEYES™ goggles to obtain a
stereoscopic view of the graphic images being ptefe
onto the mirror. Three LEDs wefied to the goggles and
were used to provide the subject with a head-caupiew
of the virtual environment on the work surface. $hwhen
the subject moved his/her head, the displayed seas
adjusted appropriately for the magnitude and dwecbf

the experiment. The protocol was approved by thdread movement. LEDs were also positioned on theth

University of Wisconsin-Madison Social and Behaslor
Science Institutional Review Board.

B. Experimental Apparatus

This experiment was conducted in the Wisconsinudirt
Environment (WiscVE) at the University of Wisconsin
Madison (Fig. 1). In this environment, subjects Heee-
dimensional graphical representations of targeeabj but
interact with physical objects. Graphic imagesvad target

right and left thumbs, index fingers and wriststd&om all
LEDs was collected at a sampling rate of 120 Hz wad
stored for data analysis purposes.

C. Designand Procedure

Each trial began with the illumination of two blue
circular start positions (radius 5 mm) located 1éhbto the
left and right of the participants’ midline. Therpeipants
moved their hands from the periphery of the workspto

cubes were displayed on a downward facing computeplace their indexingers and thumbs over the start positions,

monitor. A half-silvered mirror was placed paraltel the
computer screen, midway between the screen anthihe
surface. The graphic image of the cubes was refleict the
mirror and appeared to the participant to be latatethe
workspace on the table surface. Three light engittiiodes
(LEDs) were positioned on the top surface of twooden
target cubes (38 mm). A VisualEyez 3000 motion wapt
system (Phoenix Technologies, Inc., Burnaby) trecttes
three-dimensional position of the LEDs on the ptafsi

which were haptically indicated by small metal haxts.
When the participants’ hands were correctly poséa the
start positions turned yellow. Once both of thetipgrants’
hands remained stationary at the start positiond fs, the
two graphic target cubes appeared at a locatiocn2from
the start position. The task was to reach forwaitth the
right and left hands to grasp and lift the two &irgubes.
Grasps were made with a precision grasp (i.e. xifishger
and thumb only) and participants were asked to naive

target cubes. This data was used to generate tH@mfortable pace once the target cubes appeared.

Figure 1. Experimental apparatus.

Participants experienced trials in four experiraént
conditions. As shown in Fig. 2, in the control diion
both targets remained at their initial locationotighout the
trial (left target no jump/right target no jump; NN As
shown in Fig. 3, in the three perturbation condisimne or
both targets were displaced 9 cm toward the pp#iti at
movement onset (defined as a displacement of 5 fintimeo

1 second

S

Target cubes appear.
Reach forward,
grasp and lift targets

Move hands from
periphery tostart
positions

Figure 2. Time course a control trial (top-downwje
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As soon as
participant begins
moving, one or both
targets perturbed

1)

Move hands from
periphery tostart
positions

Target cubes appear.
Reach forward,
grasp and lift targets

Figure 3. Time course of perturbation trials (tapvd view).

thumb LED). The perturbation conditions consistédl)
left target jump/right target no jump (JN), 2) ledrget no
jump/right target jump (NJ), 3) left target jumpght target
jump (J3J).

Participants performed a total of 100 trials. Tingt 10
trials were always control trials (NN). This alled
participants to become comfortable with the tasdl also
gave us the opportunity to analyze a set of “cdhtréals
where participants had no expectation of a pertioha
The remaining 60 control and 30 perturbation tridl8 in
each condition, were presented in a random order.

D. DataAnalysis

Human motor control, biomechanics and neuroscienc
research has provided a comprehensive descripfidnow
humans reach to grasp and manipulate objeatsitural
environments under a variety of sensory and enwmiemntal
conditions. By using the same measurement techsigse
those employed to monitor human performance inrahtu
environments, we can compare movement in virtu
environments to decades of existing human perfocaman
literature. The comparisons allow us
comprehensive cognitive models of human performanc
under various sensory feedback conditions. Simiphing

measures such as movement time provide a genergl

description of upper limb movements. However, intano
control studies, more complex 3-D kinematic meassteh
as displacement profiles, movement velocity, deagien
time, and the formation of the grasp aperture (tast
distance between the index finger and thumb foregigion
pinch grip) have also been used to characterizecbbj
acquisition movements. By observing regularitiethim 3-D
kinematic and kinetic information, inferences canrbade
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regarding how movements are planned and perfornyed b
the neurocontrol system.

Peak velocity can be used to measure the open-loop
processes occurring during target acquisition temhkd is
thought to reflect motor planning. In contrast, time from
peak velocity represented as a percentage of maweinge
can be used as a measure of closed-loop contraren
longer time spent decelerating toward the targetgigated
with a greater reliance on feedback. These measures
combined with movement time allow us to completely
describe a target acquisition task in terms of oped
closed loop control.

For tasks that involve grasping objects, a measfitbe
opening and closing of the hand is also requirgoerfure
can be used to quantify grasp formation. In human
performance literature larger apertures have besoc#ated
with more complex tasks that demand greater atieali
resources [46]. It is believed that a larger aperisi used as
a compensatory strategy to avoid missing or hittihg
target. This detailed movement information esséntia
provides a window into the motor control system afiows
the determination of what sensory feedback chatatits
are important for movement planning and production.

We quantified the above kinematic measures of
movement using position data from the block LEDnaedl
as LEDs on the wrists of both hands. Start of memnwas
defined as the point where resultant wrist velooityreased
above a threshold of 5 mm/s and continued incrgasira
peak. End of movement was defined as the pointravhe
vertical block lift velocity increased above 5 mndsd
continued increasing to a peak. Based on these two
temporal measures we calculated Movement Time (idiT)
both hands. The position data were differentiated peak
resultant velocity (PV) was extracted. Percentetifrom
peak velocity (PTFPV) was defined as (MT — Timegeak
velocity)/MT * 100. We also quantified temporaluging
Bf the two hands by determining whether the hanadesl
and ended movement at similar times. To do this we
calculated the Absolute Start Offset (ASO: Starft léand
— Start Right Hand) and Absolute End Offset (AEGdE
Left Hand — End Right Hand). To quantify the graemg

xtracted the peak aperture (PA) achieved by tlkexin
inger and thumb of each hand during the coursehef
movement.

Data were statistically analyzed in two ways. ftrite
‘auantify control performance in the first 10 trialee
conducted a 4 Group (Children, Young Adult, Middle
ult, Older Adult) X 2 Hand (left, right) repeateaeasures
ANOVA on MT, PV, PTFPV and PA.

To quantify bimanual coupling during the contrdls a
4 Group (Children, Young Adult, Middle Adult, Older
Adult) repeated measures ANOVA was performed on ASO
and AEO. To quantify performance during the peratidn
trials we conducted separate 4 Group (Children, ngou
Adult, Middle Adult, Older Adult) X 4 Condition (JJN,

NJ, NN) repeated measures ANOVAs for each hand and
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dependent measure. Post-Hoc analysis on signifitain
effects was done using the Fisher LSD method.
significant interactions occurred, these were ferth
explored using simple main effects with Conditios the
factor. An a priori alpha level was sefpat 0.05.

IV. RESULTS

The results of our statistical analyses are shawthé
following sections. In Section A we present thsutes for
the initial set of bimanual control trials that bamarticipant
performed at the beginning of the experimentalisassin
Section B we present the results for trials whéae target
could be displaced unexpectedly (i.e., perturbed).

A. Initial Performance: Control Trials

The control trials allow us to determine how bimalnu
performance changes as a function of age withituair
environments and whether patterns of performancéBa
replicate those seen in natural environments. caypi
velocity profiles for children, young adults (miédadults
resembled young adults) and older adults in thetrabn
condition are shown in Fig. 4A. Note that velazstiare
higher for the children and young adults than theeio
adults. Also note that movement times (as inditéte the
end of the trace on the time axis) are longer Herahildren
and older adults than the young adults. Finalytenthat
velocity profiles for the young and older adultspegr
smoother than those produced by the children.
decreased smoothness represented in the childoerfites
reflects a greater reliance on sensory feedback earmt
correction during movement production. Resultstlod
statistical analyses on the individual kinematicamees are
presented below.

Child Young/Middle Adult Older Adult
A
— LH

600 600 60-
o 50 =0 w. RH
£ T 2 .
£ H H
; 300 z z 0.
S 20 S m) 2
S
@ 100 bl 100
> O+ ot o4

300 600 900 120015001800 0 300 600 900 120015001800 300 600 900 120015001800

vs)
B g 88 8

g8

Velocity (mm/s)
- 888888

2

°0 30 0 %0 12001500180
Time (ms)

0300 600 900 120015001800
Time (ms)

300 600 900 120015001800
Time (ms)

Figure 4. Typical velocity profiles for the chiladreyoung/middle adults
and older adults in the A) NN condition, B) JN citiwch.
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Figure 5. Main effect of Group on movement timeglpeelocity, time
from peak velocity as a percent of movement tine@@ak aperture in the
control condition.

Main effects of Group were found for movement time
(Fs43 = 7.053, p=0.001), peak velocity 35 = 4.335,
p=0.01), and peak aperture; (= 3.2, p=0.033). The main
effect of Group for percent time from peak velocityas
marginally significant (k43 = 4.335, p=0.06). Results
indicated that the fastest movement times wereddnrihe
young and middle aged adults. Children were sicguitly

Thelower than the young and middle aged adults, vesere

older adults were only significantly slower thare thoung
adults (Fig. 5A). Further decomposition of the mment
into its velocity profile indicated that the longerovement
time used by the older adults was the result afifecantly
lower peak reaching velocity when compared to #lleo
groups (p<0.05). In contrast, the children achieaesimilar
peak reaching velocity as the young and middle agkdts
(Fig. 5B). For the children, the additional moverngme
when compared to the young adults came as thet i@fsal
longer time spent decelerating toward the target
(p=0.09)(Fig. 5C). In contrast, the older adulpers a
similar proportion of the movement decelerating doavthe
target as the middle-aged and young adults (p>0.06gse
results suggest that although both the children aldér
adults perform the reach to grasp task more slakdy the
young adults, the reason for this slowing is défarfor the
two age groups. Finally, when considering grasertaipe,
results indicated that the older adults produced a
significantly larger hand opening when reaching fbe
targets than the young adults (p<0.05). In cohtrde
aperture used by the children was similar to thengo
adults (Fig. 5D)

When looking at coupling between the left and right
hands, main effects of Group were found for ASQ@.{F
14.03, p<0.001) and AEO k3= 4.74, p=0.006). The post-
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Figure 6. Main effect of Group on ASO and AEO.

hoc LSD indicated that children had significantlyrder
offsets at both the start (Fig. 6A) and end (Fig) ®f
movement than any of the other age groups.

B. Perturbation Performance

The perturbation trials allowed us to investigateether
differences in the use of on-line visual feedbackuo across
age groups and for different perturbation condgidrig. 4B
shows velocity profiles for the right and left haimdthe JN
condition for the children, young adults and oldelults.
First note that the young adults adjust smoothlythe
perturbation and efficiently decouple the movemasitshe
two hands to effectively grasp the perturbed taagdts new
location. In contrast, note that the children i velocity
profiles that are less smooth and efficient. Thes#iles
provide evidence that the children have greateficdify
making use of online sensory information when raaiging
for the perturbation. For the older adults, ndie much
lower peak velocity. This suggests that older &dole-plan
a more conservative movement.

We analyzed the data separately for the right afid |
hands to simplify interpretation. An interaction tlween
Condition and Group 9= 2.934, p=0.003) was found for
MT of the right hand. Children had significantlynger MTs
than all other groups in the NN, JN and JJ conafitifFig.
7A). However, they did have similar MTs to thealddults
in the NJ condition. The young and middle adultd sianilar
MTs across all
significantly slower than the young adults in thi Bnd NJ
conditions only. Further decomposition of the muoeat of
the right hand into its velocity profile revealednain effect
of Condition (k1290=12.5, p<0.001) and Groups(k = 2.75,
p=0.055) for peak velocity. Velocities were highasthe
NN condition (474.5 £ 14 mm/s), lowest in the Jaditon
(438.5 + 14 mm/s) and moderate when only one tanget
perturbed (JN = 456.3 + 15 mm/s; NJ = 453.0 + 1Biid/s).
The main effect of Group indicated that older asluiad
significantly lower peak velocities than the youadults
(Fig. 7B).

conditions but the older adults were
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Figure 7. Group X Condition interaction for MT anhin effect of Group
for peak velocity of the right hand.

When considering how participants used visual faeklb
to decelerate toward the target, an interactionvésen
Condition and Group @129 = 2.0, p=0.045) was found for
the right hand. As seen in Fig. 8, children hadg&r
deceleration times than the three other age grampell
conditions except NJ.

Finally, for the grasp portion of the movement, mai
effects of Group (k43 = 5.8, p=0.002) and Condition kg
=2.8, p<0.044) were found for peak aperture for tigat
hand. The main effect of Group indicated that peadetures
were larger for the older adults (92.3 £ 3 mm) thanthree
other groups (children = 77.4 + 2.5 mm; young adu#0.3
+ 2.7 mm; middle adult = 81.2 + 2.7 mm). The meffect
of Condition indicated that peak apertures wergeagvhen
neither object was perturbed (83.7 £ 1.2 mm) when
compared to the other three conditions (JJ = 821B4mm;
JN=825+1.5mm; NJ=83.0 £ 1.4 mm).
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Figure 8. Interaction between Condition and Grarpdieceleration time of
the right hand.
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For MT of the left hand, main effects of group; {F=
6.04, p=0.002) and condition {ky =10.6, p<0.001) were
found. The group main effect indicated that thddcén
were significantly slower than the young and midaltiilts.
No other significant differences were found (Fig)9 For
the main effect of condition, results indicatedtthdl's for
the left hand were significantly faster in the NKdaJJ
conditions than in the JN and NJ conditions (Fig).9

Decomposition of movement time into kinematic feasu
indicated a main effect of Conditions(fpg =17.1, p<0.001)
and a marginally significant main effect of Group 4z =
2.4, p<0.082) for peak velocity. The Group effemtealed
lower peak velocities for the older adults (397.43&.5

mm/s) when compared to the young adults (508.7 + 29

mm/s) (p < 0.05). Peak velocities for the child{¢40.5 +
28 mm/s) and middle adults (454.2 + 29 mm/s) wearelar

to all other groups. The main effect of Conditi@mvealed
higher peak velocities in the NN condition (468.31#4
mm/s) than all other conditions (JJ = 432.7 + 1%=1439.7

+ 146; NJ = 460.1 £ 15 mm/s). An interaction betwee
Group X Condition (E43 = 2.1, p<0.03) was also found for
deceleration time (see Fig. 10). As with the rigaihd, these
results indicated that children had longer decttaraimes
than the young and older adults in all conditions.
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Figure 10. Interaction between Condition and Grimupleceleration time
of the left hand.
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For the grasp portion of the movement main effexdts
Group (R43 = 6.9, p=0.001) and Condition kg = 3.3,
p<0.02) were found for peak aperture of the leficha The
main effect of Group indicated that peak apertunese
larger for the older adults (92.1 £ 3 mm) and meddbe
adults (86.2 £ 2.5 mm) than the young adults (292mm)
and children (77.8 £ 2 mm). The main effect of Gition
indicated that peak apertures were larger wheheredbject
was perturbed (84.7 = 1.2 mm) or when the righeobjvas
perturbed (84.4 + 1.2) than the other two condgi¢d) =
83.0 £ 1.4 mm; JN = 83.2 £ 1.4 mm).

When looking at coupling between the two handsrdpri
perturbation trials, a main effect of groups4(F= 15.9,
p<0.001) indicated that children had significantgrger
offsets at movement initiation than any other ageig (Fig.
11). For the end of movement, a Group X Condition
interaction (k120 = 2.232, p=0.024) indicated that children
had significantly larger offsets than all other gpe in the
NN condition (Fig. 12). The older adults had longésets
than the young adults in the NJ condition. Allgpse had
statistically similar offsets in the JN and JJ dbads.
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Figure 11. Main effect of Group on ASO of the lefind.
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Figure 12. Main effect of Group on AEO.
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V. CONCLUSION AND FUTURE WORK

A. Performance of Bimanual Movementsin VESs across the
lifespan: Control and Perturbation Conditions

Each participant began the experiment by perfornaing
block of simple bimanual trials without perturbatioThese
trials allowed us to determine whether age-spegifitterns
of bimanual performance in VEs are similar to tladtgrns
seen in the natural environment. When considesiveyall
MT, research in natural environments has indicateat
children and the elderly typically complete botmgle and
complex tasks more slowly than young adults [448]] A
similar pattern of results was found in the currshidy,
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and unnatural feedback available in the virtualimment
may have made this feedback less useful to the aldigts.
Therefore, the current findings add support tortbgon that
older adults may not rely on similar movement plagrand
execution strategies when performing tasks in VHEemw
compared to similar tasks in a natural environment.
Unlike the older adults, the children appear to use

similar strategies in both virtual and natural eonments
for bimanual grasping. Specifically, it has beenrfd that
children tend to rely heavily on sensory feedbadkemv
grasping objects in natural environments [9]. Ha turrent
study, children produced peak reaching velocitied tvere
similar to the young adults, yet their movementetinwere

indicating some similarities between VEs and naturaslower. These longer movement times were the re$uain

environments. With respect to bimanual couplingiatural
environments, prior studies have indicated thah hatung
children and older adults exhibit greater
movement initiation and movement completion thaang
adults [49], [50]. These results were replicated foe
children; however, the older adults used similavement

offsets agreater reliance on sensory information.

increased amount of time spent decelerating towhed
target. Increased deceleration times can be uséddr a
Sincesagn
feedback is important for movement execution iddrkn,
our results suggest that providing an enriched @gns
experience may improve their overall performanc&/is.

offset patterns as the young and middle adults.s ThiOf interest in future work will be to determine vther

difference in movement coupling for the elderly jsalbs
suggests that they use different control strategiasatural
compared to virtual environments. Timing differemce
between the hands in bimanual tasks have beeniatesbc
with the requirement to shift visual attention beém the
targets to obtain sufficient feedback [42]. In eldalults,
slowing of visual sensory processing due to aginguki
result in even greater timing differences betwdenhands
[45]. The smaller offsets seen in the current wtsulggest
that the elderly subjects may have been relying aon
predominantly feedforward strategy to complete thsk
instead of the typical feedback-based strategyiths¢en in
natural environments. This conclusion is suppoligdhe
detailed kinematic measures reported in this studn
particular, peak velocity, which is typically reachearly in

children can achieve higher levels of performamc¥ks if
sensory information is enhanced/augmented when amdp
to natural environments. This could have significa
implications with respect to motor skill learningrf
interaction tasks.

The perturbation conditions allowed us to invegdga
age differences in the visual control of movemenvEs.
Overall, MT and offset results indicated similar vament
performance between the ages of 18 and 50 yeahgseT
results suggest that design principles extracteoh fstudies
done on young adults may be applicable to middedag
adults as well. In contrast, children and oldewlid
exhibited distinct performance differences as actiom of
perturbation condition. While their performance vsasilar
to the young and middle age groups for certain rpatars

the movement, can be used as a measure of movemeédtd on certain conditions, the youngest and olaes

planning. Older adults used a lower peak velogitthe
control trials than subjects in all other groupkisTsuggests
that the older adults were in fact using feed-fodva
planning to execute a cautious reach strategy invistual
environment. The larger grasp apertures used byplther
adults also support the notion of a cautious rewchi
strategy.

In a previous study investigating age differencasao
simple reach-to-grasp task in a VE, we also founad dlder
adults relied more heavily on a feedforward-badeategyy
[50]. Deceleration time results for the older asluhlso
indicated that they spent a similar time using sgns
information to home-in on the target as the youraghults.
In contrast, results from reach-to-grasp studiesatural
environments have indicated that elderly participan
typically use longer deceleration times than th@iunger
counterparts [51]. Again, this points to a diffezenin

strategy in the virtual environment when compared t

natural environments. We hypothesize that the irapefied

groups were slower and their movements were lespled
in other conditions. Further, the children contichie show
an increased reliance on sensory feedback (i.egelo
deceleration times) whereas the older adults coetinto
rely on cautious movement planning (i.e., lower kpea
velocities). Overall, these results suggest thask ta
conditions and age are critical factors when carsig the
design and functionality of VEs. Children andealédults
do not plan movements or make use of sensory irgtom
in a similar fashion to young and middle-aged adult
Further, results are clearly task specific. Thiggests that
it is dangerous for designers to extrapolate perémce in
one task to other tasks. Instead, our resultsesidggat age-
related performance must be investigated on altgslask
basis for the generation of design principles.
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B. Implications for the Design of Training and environments. In contrast the strategies used byolter
Rehabilitation VEs adults in the VE were different than those reporied
Virtual environments have recently been touted agiatural environments.  These results suggest that

promising tools for training and rehabilitation [§87]. A ~ Sensory characteristics present in our virtual rmment
key consideration when designing a fully immersiigual ~ did not sufficiently mimic natural environment cdinahs
environment is that all sensory information provde the for our elderly participants. It is important totedhat V|sua_l
user must be synthetically generated. As suchigdess feedback in this study was impoverished and redtiv
must make informed decisions about what sensor§rude (i.e., no hand representation, simple tabitase and
information to provide to the user and when théarimation ~ Object representation, low luminance contrast Evelhese
should be provided. Several studies have beenuctedito ~ results suggest that when designing environmenmtsléter
determine how to effectively provide sensory infation to ~ @dults, it may be necessary to design tasks and
users for the performance of simple tasks in VEX-[54]. enwronmental feedba_c.k cond|t|.ons tnat better mlrrrh_1e
Unfortunately, many of those studies have focusedisual feedback conditions available in the realrld/an
exclusively on the performance of young adults. W& order to elicit positive transfer betvyeen the two
begin to consider the multitude of applications ¥anich ~ €nvironments. In contrast, younger participants/ reae
VEs show promise, it is clear that users of allsageed to Positive transfer with less realistic visual feeckba
be considered (i.e., education and rehabilitationfhe ~conditions. _
results of this study allow us to make concretegssgons Finally, it is important to consider an apparent
to designers of VEs. These relate to differencesdeded —contradiction between the two previously mentioned
sensory information between children, young andemold implications. Specifically, we first suggestedttﬁaelgners
adults, the transfer of training effects betweerual and ~May want to enhance the sensory feedback availalites
real environments, and important differences betweeVirtual environment for younger and older particifs
performance and learning applications. These enhancements eould lead to sensory fe_edbat;_llst
Research has shown striking differences in the afse More detailed and easily processed than what itaalein
sensory feedback by children, young adults ancettlerly ~ hatural environments (i.e., increased luminancetrast).
as they perform motor tasks in natural environment©Ur next suggestion implies that sensory feedbaak meed
[7][18],[14]. Results of the current study replieathose fto perfectly mimic What_ is available in naturel efn_nm_ents
findings and extend them to virtual environmentshese N Order to ensure positive transfer in learninglaations
findings suggest that designers of virtual envirents may for older_ users. This contra(_jlctlon |Ilustrate$ha_d_ point
want to consider enhancing sensory feedback prdvtde that designers need to consider when determining too
the youngest and oldest users of virtual envirortm@s a provide sensory feedback; the task or epphcatlkbns clear
method of improving performance in those age groupsthat sensory feedback needs to be tailored, ngt tonthe
Grabowski & Mason [50] found that elderly partiops 29€ Of the user, but also to the application atdhan
performed simple reach to grasp tasks more efelgtiv Specnﬂcally, apphcatlons that are performanceeﬂamey
when luminance contrast was increased in the visudtenefit from sensory information that surpasses twha
display. In contrast, young adult participants exignced a avall_able in natural environments, vyhereas leaviriagsfer
point of diminishing returns. Our current restdtsd the ~@pplications may need to better mimic the real aorl A
results of this previous work suggest that sensonfOmpromise between these two suggestions may beeta

information tailored to a participant's age coukhd to fading” technique where sensory feedback is ilijtia
superior performance in virtual environments. enhanced to elicit improved performance but is dadiering

When considering education and rehabilitationPractice towards more realistic levels to enharaesfer of

applications, the capacity for virtual environments learned skills [55]. We are planning future stsdie test
enhance learning hinges on the user’'s ability emgfer this hypothesis.
gains made in the VE to improvements in performaince

the real world. It has long been known in the homator . ) )
learning literature that successful transfer occutsen Ve would like to thank Brandon Bernardin, Stephdttiée,

similarities in movement strategies between thetimmand ~and Nick Yeutter for their assistance with datalemion
performance environment are greatest [55].  Thi®nd analysis. This work was funded by the NatiGwénce
phenomenon is called the encoding specificity gpiec ~Foundation, grant number 0916119.

[55]. In the current study we found that childrgaung, and
middle-aged adults used similar bimanual strategiethe
control condition to those reported for naturaliemvments.
This indicates that the sensory information avdéah our

setup was sufficient to produce “normal” motor [l AH. Mason, DN. Rutherford, and P.J. Grabowski.
Bimanual  performance in  unpredictable virtual

performance in the younger participant groups aodicc environments: A lifespan study,” Proceedings &f Sixth
lead to positive transfer between the virtual arehlr International Conference on Advances in Computemgiu
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