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Abstract

Participants lifted a canister by its handle while balagarball on the lid. Experiment 1 allowed object
rotation prior to lifting. A lifting comfort zone was meagdt by the variability in object orientation at lift; its
size depended on the object mass and required task preci$ieramount of pre-lift rotation correlated with
the resulting change in lifting capability, as measurediiierent object orientations. Experiment 2 required
direct grasping, without preparatory rotation. Task catiph time and success rate decreased, and initial
object orientation affected pre-lift time. Results suddhat lifting from the comfort zone produces more
robust performance at a cost of slower completion; moreglersical rotation could be replaced by mental

planning when direct grasping is enforced.

1 Introduction

In many scenarios, there are multiple actions which caneaehthe specified task goal. The redundancy of
the human motor system allows for alternative movementegi@s for completing the same task, and a key
guestion is to understand what criteria determine the tlanotor plan. This study examines criteria which
could explain how people choose between alternative monenoé either a single direct action or a sequence

of sub-actions to complete a manual lifting task.

Previous research (Chang et al., 2008) has shown that psmpletimes choose to use an extra sub-action
of preparatory object rotation to complete a lifting taslervthough a direct reach-to-grasp action would
succeed. The preparatory object rotation was used to figdigddly re-orient the object handle without
supporting the entire gravitational load of the object. A hene final grasp was formed to lift the object
for the instructed object transport task. The strategyguttie two sub-actions of a physical rotation and a
lift resulted in more convergent body postures and grasjrebat the object lift-off point compared to the
strategy of using a single direct lift. An open question nuéwered by the previous study is what criteria
determine when and how much object rotation is incorporatiecthe motor plan as an alternative to a direct
lifting plan.

A principal question investigated by the present study igtivér posture-dependent strength capabili-
ties can explain the preference for the preparatory obgetion strategy. According to the posture-based
planning model (Rosenbaum et al., 1993a,b, 1995), motoispae based on goal postures rather than the
movements between postures. The choice of using preppr@biEct rotation instead of a single direct ac-

tion may be driven by the preference for a particular postoiréhe primary lifting action that achieves the



task goal. The body of work on the end-state comfort effects@baum et al., 1992; Short & Cauraugh,
1997; Fischman, 1998; Zhang & Rosenbaum, 2008, e.qg.,), lea&pd evidence that the comfort of a final
goal posture affects the manual action, even if it requivdsnaard postures at the beginning of an action. In
the previous work, end-state comfort has been evaluateavkwardness ratings (Rosenbaum et al., 1990,
1993b; Short & Cauraugh, 1997) or distance from neutralt joositions (Zhang & Rosenbaum, 2008). In
this work, we examine whether the choice of the object lffiposture in a manual task is determined by the
lifting capability of the posture. This is theoretically portant because it contributes further understanding
of the biomechanical aspects that may be associated witthpphysical assessment of postural comfort.
Individual strength has been investigated previously f@djzting choices between alternative movement
strategies of stooping versus squatting bimanual liftagks$ (Burgess-Limerick & Abernethy, 1997), but the
focus was on strength capabilities between individualserathan the differences between postures for one
individual.

A second question investigated in this study is whethergmapry object rotation is used to achieve an
object lift-off posture which is optimal versus satisfagtéor the task. If individuals maximize the efficiency
of the lift, they would tend to select postures with the maximlifting capability even for different levels
of task precision or object mass. However, if only a minimuficiency threshold has to be satisfied, then
there may be a larger range of selected lift-off posturesnvthe task is less difficult. In this investigation,
we examine whether the preference for selected liftingyvestis sensitive to two task difficulty factors:
object mass and task precision. Previous work by Latash & {2002) studied how postural movements
in drinking tasks were strongly correlated with the taskcigien, as defined by a geometric task difficulty
index related to the critical angle for spilling. Resultsrit Rosenbaum and associates also showed that the
end-state comfort effect is diminished for tasks requitess precision. We believe that in addition to task
precision, object mass is also a factor which affects pestalection, especially for more demanding manual
tasks. Manipulation requires not only meeting specific kingc constraints specified by the task, but also
applying or resisting forces due to the interaction withdbgect. The ability to meet the load requirements
for a task are posture dependent, since muscle streng#svari different operating postures. Thus tasks
involving heavier objects may result in the selection of atpce with greater lifting capability in order to
satisfy a minimum efficiency or strength margin constra@tir study expands on the previous literature by
examining how posture selection may be sensitive to bothgeecision and object load.

Experiment 1 in this study investigates the questions oiigther the preparatory rotation is correlated

with the change in lifting capability, and (2) whether théested lifting postures are relatively constant or



vary with task difficulty. First, we hypothesized that pemplould choose to use the preparatory rotation
to avoid lift-off angles with lower lifting capability in feor of selected lift-off angles with higher lifting
capability. This predicts that the amount of object rotatimuld be correlated with the difference in lifting
capability between the initial orientation and the liff-ofientation. Second, we examine the effects of task
precision and object mass on the task performance. Thelwation of these two factors to the task difficulty
factors was evaluated by the effect on total time for taskmetion. It was expected that the selection of
lift-off postures would be more constrained for increasasktdifficulty, due to more stringent satisfaction
requirements. This effect could be observed in the liftediffect configuration in two ways. The amount of
object rotation prior to lifting could increase with incezal object mass or increased angular precision. In
addition, the variability in the object lift-off angles doudecrease with increased object mass or increased
angular precision.

Itis possible that lifting capability represents a “harof’ jmmutable, constraint on the movement strategy
selection rather than a “soft” constraint or preferencespBratory object rotation may be selected because
the task is not feasible using the alternative strategy refctlireach-to-grasp lifting, where the object is not
rotated before lift-off. In Experiment 2, we examined wiestlthe manual task was feasible using only
direct grasping without object rotation. We found that fooshof the task conditions, participants could
successfully complete the task using only direct graspieg ¢hough preparatory rotation was spontaneously
used in Experiment 1 for the same conditions. Moreover, #peddence of physical rotation on the initial
object orientation, as found in Experiment 1, was echoedxpeBEment 2 by a similar trend in pre-lift
preparation time, suggesting that the physical action wpkced by mental planning. The comparison of
Experiment 1 results with the constrained condition in Expent 2 also allows us to investigate how the
posture selection for the lifting action affects other aspef the movement, such as timing and robustness of
task performance. Our results show that direct lifting (avkeccessful) requires less time for task completion,

but lifting after preparatory rotation is more robust fongaeting the task trials successfully.

2 Experiment 1

The purpose of Experiment 1 was to examine what factorstafebe selected lift-off postures when partic-
ipants used preparatory object rotation. The experimemsisted of two parts. In Part |, participants had to
lift a canister, selected from a set of 4, to uncover a tokethertable surface. The canister was presented

at multiple initial orientations, and it was expected thattjgipants would use preparatory object rotation



before lifting the canister. The dependent variable ofregefrom Part | was the selected object orientations
at the lift-off time. The distribution of lift-off posturewas measured for different levels of object mass and
task precision. In Part Il, participants performed simiaasping actions on a weighted canister. Lifting
capability was measured for different object orientatitmgwestigate whether increase in lifting capability

was correlated with the amount of preparatory object roaith Part 1.

2.1 Participants

Twelve adults (6 male, 6 female) volunteered for the studg @26.4+ 4.9 years [mear: standard devia-
tion], height = 1.70+ .007 m, mass = 64.% 12.4 kg). All participants were right-handed by self-repail

participants signed informed consent forms approved byn$igutional Review Board.

2.2 Apparatus

The object for the manipulation task was a plastic cylirgrzanister (Fig. 1). Two indentations in the side
of the canister formed a handle which could be grasped bytingehe thumb in one indentation and the
fingers in the other indentation (Fig. 1a). A lightweightgila ball (diameter 3.8 cm) was balanced on a
cylindrical ring which was affixed to the canister lid. ThedieterD of the ring determined the required

angular precision in the object’s vertical orientation keeping the ball balanced (Fig. 1b).

The canister was presented to the participant on a flat phatbd a height of 0.9m from the ground
(Fig. 2). A screen was placed between the subject and thiptatFig. 2a). Participants stood facing the
screen with their hands relaxed at the side. Before a thalstreen started in the lowered position so that
the participant could not see the object placed on the ptatfdVhen a trial commenced, the screen was
completely raised to show the object on the platform.

A T-shaped marking on the floor indicated the standing pwsifFig. 2b). Participants stood in place
with their feet centered around the vertical line of the T #malr toes just behind the horizontal line of the
T. The T marking was offset from the table such that the cansbsition was 0.1m to the right and 0.2m in
front of the T intersection. The offset position was chosemncomfortable lifting of the canister using the
right hand (Fig. 2b).

Passive reflective markers were used for tracking the ohjetion in Part I. The screen was tracked by 5
markers and each canister object was tracked by 6 markees3DlIpositions of the markers were recorded

at 120 Hz using a Vicon camera system (Vicon Motion Systenos, Angeles, California, USA). The 3D



marker trajectories were reconstructed using ViconlQueanfé and were not filtered or processed in any way

before the data analysis described in Section 3.1.

Underneath the platform was a uni-directional measuriaged©.02kg resolution) for digitally recording
the lifting capability measurement in Part Il (Fig. 2a). Témale data were recorded separately from the
kinematic data using MATLAB software (Mathworks, Inc.; & MA). The scale output was queried
repeatedly via the serial port interface such that the tigr@ps between data samples were approximately

0.2-0.3 seconds.

2.3 Part I Lifting motion

In Part | of the experiment, a flat disc (diameter 2.5cm) wasgd on the platform underneath the canister.
The token retrieval task was to lift the canister in orderoaver the disc, while keeping the ball balanced
on the cylindrical ring. Participants were instructed te wsly the right hand to contact the canister and
were restricted to contacting the canister at the handke @ig. 1a). Only the left hand could be used to

the contact the token. Participants were free to move eitieecanister and/or the token from the original

position, as long as at the end of the trial, both the canstdrthe token were placed on the platform and the
canister did not cover the token. Participants were ingtdito perform the task as quickly as possible while

keeping the ball balanced.

There were 4 versions of the canister to test 2 levels of bijess and 2 levels of angular precision.
For the object mass factor, the canister was filled with neltéo achieve a total mass of either 0.40kg
(light) or 1.20kg (heavy). The canisters were covered bydifferent colors of tape to provide visual labels
corresponding to the light canister (grey) and heavy can{slue). For the angular precision, the cylindrical
balance ring had diametér of either 3.6cm (wide) or 0.8cm (thin). The diameter of thgrivas visible to

the participants when the object was presented on the piatfo

The canister was presented on the platform in one of 8 otient as denoted by the handle direction
(Fig. 2c). It was expected that the participant would slideatate the canister before lifting to adjust the
orientation when the handle faced away from the participarthe verbal instructions for the token retrieval

task, there was no suggestion of preparatory rotation dingli



2.4 Part ll: Lifting capability

In Part Il of the experiment, the maximum lifting capabilisas measured for different handle orientations
in order to investigate whether lifting capability was aerion for the preparatory object rotation observed
in Part I. The canister object was placed on the platform &edparticipants stood at the T-marking as
before. The task was to repeat the lifting grasp on the oljectder to measure the lifting capability for
a specific handle orientation. Participants were instditteattempt to reach the presented configuration of
the canister handle using the right hand and apply as muchngpifting force as was comfortable. Unlike
Part |, participants were instructed not to move or re-drte canister from its presented configuration.
Participants were allowed to skip or abort the trial at anmyetiif they could not reach the handle or apply
upward force comfortably.

The filled canister had a total mass of of 13.7kg, which wa®bdythe unimanual lifting capability of
any participant. The lifting capability was measured addifference between the initial scale output and the
minimum scale output during the grasp. To mimic the peroeptif the canister as experienced in the Part |
lifting trials, a ball was balanced on the canister lid as @amt®. As before, the cylindrical balance ring had
diameterD of either 3.6cm (wide) or 0.8cm (thin). There was no tokeretoieve with the left hand.

The canister was presented in one of 10 handle orientatibe® orientations from Part | (Fig. 2c) and 2
additional orientations at the midpoint between angle 7&¢tnoted 7.5) and the midpoint between angle 8
and 1 (denoted 8.5). The additional orientations were sagipcause it was hypothesized that the maximum
lifting capability would occur within the region of seledtéft-off angles. The lift-off angles were expected
to be in the region between handle orientations 1 and 7, wtherkandle faced toward the participant’s right

hand.

2.5 Procedure

Before the trials recorded in Part |, the participants west fintroduced to the canisters to become familiar
with the mass levels and angular precision levels. Eacheofitbanisters was held, one at a time, with the
ball balanced on the ring. There were no other practicestf@l task training before the main experiment.
The experimenter drew attention to the color coding of theabmass levels at this time.

There were a total of 32 trials for Part I, with one trial fochgossible combination of the 2 mass levels, 2
angular precision levels, and 8 initial handle orientagiofihe 32 conditions were presented in a randomized

sequence. If the ball was dropped before the canister washest to the platform, the trial was aborted. A



new randomized sequence was generated for the remainimttioos, including the failed condition. Thus
the participant could not anticipate the trial conditior$dre the screen was raised at the beginning of each
trial. After every 8 trials, participants were given a bregkere they were seated for approximately 1 minute.
During the break, the experimenter asked the participang¢port any fatigue from prolonged standing or
repeated lifting.

In Part Il for the measurement of the lifting capability, thevere 10 trials for each of the 2 angular
precision levels, as given by the balance ring diameter. fifbieset of 10 trials tested the lifting capability
for one angular precision level, followed by a second setfrials for the other angular precision level.
The order of angular precision levels alternated based erottier of participation. Thus, 6 participants
were presented with the wide diameter ring first, and 6 ppetits were presented with the thin diameter
ring first. Within each set, the 10 possible handle orieatetiwere presented in a randomized sequence. It
was not expected that the ball would drop due to the canistgghtvand the restriction to leave the canister
configuration unchanged from its presented condition. Hewef the ball was dropped, the failed condition
would be repeated within a newly randomized sequence ofeimaining conditions. A break was given
between the two sets of 10 trials.

In addition to the scheduled breaks, the protocol includechédiate rest if the participant reported fa-
tigue at any time during the study. The entire experimentired approximately 90 minutes for a single

participant.

3 Data analysis

3.1 Lift-off angle and timing

The selected object orientation at the lift-off time was vaeable of interest from the lifting trials in Part I.
In addition, the timing of the task completion was measucedhiaracterize the difference in task difficulty
for the tested conditions. The lift-off angle and timing reei@es were computed from segmentation of the
motion data for the canister and the screen. To obtain thitomdata, the recorded 3D marker trajectories
were first manually labeled and then registered to a rigidybroodel of each object to find the object position
and orientation at each time frame. To reduce noise in tlokitrg estimates, the model registration used all
available markers (up to 5 markers for the screen and 6 neafieeach canister) per time frame. The object

configuration data was always computed from at least 4 msrker



For each trial, three time intervals comprise the total t{tfig for task completion (Table 1). First, pre-
interaction {}) consists of perception and reaching for the objégt.starts when the screen is raised and
ends at the initial canister movement. Then, object intevad75) occurs if there is optional adjustment of
the canister configuration on the surfack, starts at the initial canister movement and ends at the bbjec
lift-off from the surface. Finally, object lifting and tokeretrieval ([;) starts after the object lift-off and ends
when the object is returned to the surface.

The four key time points defining the time intervals werereated automatically from the kinematic data
based on manually-selected thresholds. (1) The start dfilievas determined as the time frame when the
lower edge of the screen was raised above the canister tal ineetask conditions of mass level, angular
precision level, and handle orientation. (2) Initial ca@isnovement was detected when the average object
marker difference from the starting configuration exceefiedn. (3) Object lift-off from the surface was
detected when the upward vertical displacement of the wansition exceeded 5mm change from the
initial vertical position. (4) Task completion when the etf is set down was detected when the vertical
displacement of the canister fell within 5mm of the endingieal position.

The third key time point, the object lift-off from the surfaovas used to analyze the amount of prepara-
tory object rotation. The object lift-off angle is the ortation of the object in the horizontal plane at the
lift-off time frame. Object rotation was measured as thengjgain orientation between the initial handle an-
gle and the lift-off handle angle. We computed the absoloteunt of rotation so that there was no distinction
between clockwise or counterclockwise rotation.

We also measured the variability of the selected lift-offjleis over the set of 8 initial handle orientations
for each of the 4 canisters. The average absolute deviadidD) is computed as the mean deviation of a
lift-off angle from the mean of the set of 8 lift-off angles.was hypothesized that for tasks which are more
difficult, the AAD of the lift-angle would be smaller becausarticipants would respond to task constraints
with more preparatory rotation, in order to grasp the hafrdle a preferred orientation.

We analyzed the object orientation and timing metrics withdr mixed-effects (LME) models (Verbeke
& Molenberghs, 2000) using the NLME package (Pinheiro & Bag900) for R 2.6.2 (R Development Core
Team, 2008). Similar to ANOVA tests for repeated measurbiE Imodels account for the correlated errors
between the dependent, repeated observations from amdudiyarticipant. The advantage of LME models
is the greater statistical power in estimating the signifieaof the fixed effects compared to a repeated
measures ANOVA, which is due to the LME models’ simplified graeterization of the random effects’

correlation structure. In our study, the data were groupguhticipant such that the LME model accounts for



the correlation between the repeated observations bygfaitmindividual intercept value for each participant.
LME models can also handle missing observations withowtad@ing all observations for one participant.
This allowed us to include data from participants even iflifimg task were not completed for all handle
orientations.

Thet-test results in an LME model indicated which explanatomjaldes were statistically significant as
fixed effects. In addition, the significance of each randofectin the final LME model was checked using
a likelihood L ratio test comparing the selected LME to the linear ANOVA mloglithout the random effect
(Pinheiro & Bates, 2000).

The explanatory variables that were tested as fixed effadtsei LME models included the object mass,
angular precision as determined by balance ring diaméteinttial handle orientation, and the square of the
initial handle orientation. The square of the initial handtientation was included because it was expected
that the time and amount of preparatory rotation would iaseefor initial angles further from some central
preferred lift-off angle. It was also expected that the @nefd lift-off angle would be around orientation 8,
where the handle faced toward the participants’ right sidrus, the scale for the handle orientation variable
was centered at orientation 8 for all LME models. The centewas achieved by re-coding orientations 1
through 8 as values -1, -2, -3, 4, 3,2, 1, 0.

Task difficulty was measured by the total time for task cortipie It was expected that the token retrieval
task would be more difficult for increased object mass anffoincreased task precision. That is, even for
the central orientation 8, the time duration would be lorfgetifting the heavier canister and/or balancing
the ball on the thin diameter ring. Thus the LME models foitigtested the task difficulty factors of object
mass and angular precision as additive main effects.

For preparatory rotation prior to lift-off, we hypothesizéhat the amount of rotation would increase
with task difficulty more for the initial handle orientatisrwhich are further from the central orientation.
That is, for the central orientation, the object rotationwdobe small regardless of the canister mass and
the balance ring diameter, because the handle was alredllg preferred lifting configuration. For initial
orientations outside the preferred region, there would besmotation for increased task difficulty, because
the requirement for the handle to be within the preferreibreg/ould be stronger. Thus the LME model for
object rotation included the interaction effects of theegbjmass with the squared orientation factor and the
angular precision level with the squared orientation facto

A corresponding hypothesis for object lift-off configuratiwas that the participants would select the

lift-off angle of the handle with more consistency for momnthnding tasks. That is, with increased task
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difficulty, the variability of the lift-off angle would be satler. The AAD measure was used for this test of
lift-off angle variability. Since a single AAD measure waseputed over the set of 8 initial handle angles for
each of 4 canisters, only object mass and angular preciséoa tgsted as additive fixed effects in the LME

model.

3.2 Lifting capability

The purpose of measuring the canister lifting capabilityPart 11 was to investigate whether the amount of
rotation in Part | was correlated with the change in thergtcapability for a given handle orientation.

The lifting capability for a given handle orientation waswuuted as the difference between the initial
scale measurement (when only the object mass contributdietscale reading) and the minimum scale
measurement (when the participant applied the most upwam fon the canister). A lifting capability
profile for the entire 360-degree orientation range was adatpby linear interpolation of the 10 samples
measured in Part Il. There were two profiles for each paditipecause the lifting capability was measured
for the two levels of balance ring diameter. The maximuniniiftcapability was the largest measurement
over the 10 samples, and it was used to normalize the profigmituale. Thus, all lifting capability measures
were expressed as a percentage of the maximum capability.

The lifting capability at the 8 initial handle angles wasedity measured as part of the 10 samples. In
contrast, the selected lift-off angles were different fack individual, and the lifting capability was not
measured directly. For one level of balance ring diamebaret were 8 actual lifts in Part | for each of
two object mass levels. The lifting capability associatethwach actual lift-angle was estimated from the
linearly-interpolated lifting capability profile with th@atching task precision level.

We hypothesized that the preparatory rotation action it Painanged the orientation to improve the
lifting capability for the primary lifting action. Thus, atger amount of rotation would correspond to a larger
increase in the lifting capability. For each individuabtriwe computed the difference in the lifting capability
at the selected lift-off angle relative to the lifting capdyp at the initial object angle. The data tested by
the correlation computation were the mean values averagadioe 12 participants. For each of the 32 task
conditions, the mean amount of rotation was paired with teamdifference in lifting capability.

In addition, for each of the 4 combinations of object masstasl precision, we computed the minimum
and the AAD variability of the capability measures at thé-diff angles for the 8 trials. We expected that
increased task difficulty would result in greater restocs on the preferred lifting capability at the selected

lift-off angles. Thus, similar to our hypothesis that thi-¢ingle variability from Part | would decrease with
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increased task difficulty, we hypothesized that the valitgthin the lifting capability measures for the lift-off
angles would also decrease with increased task difficuttis Was tested by a LME model with object mass

and angular precision as additive fixed effects.

4 Results

For both parts of the experiment, no participant reportéidde or requested immediate rest in addition to

the scheduled breaks.

For the lifting task in Part |, participants sometimes fdite maintain the angular precision constraint
such that the balanced ball was dropped during the trial.obtite 12 participants, 4 participants failed for
1-3 trials, 6 participants failed for 6-8 trials, and 2 papants failed for 10-12 trials. The conditions for the
failed trials were repeated in a random order as describ#teiprocedure. For two participants, there was
no recording of successful task completion for 1 of the 32dit@ns, due to experimenter error. For one
participant, the recording of a successful lift was incostglfor 1 condition due to equipment error. These
unavailable conditions were omitted in the LME model sucthat there are a total of 382 (instead of 384)
data points for the object rotation, tirfi¢, and timeTs. There are a total of 381 data points for time intervals

Ty andT3, due to the incomplete trial recording.

4.1 Timing

The total timeT} for task completion (Fig. 3) was 3.46 seconds on averagehtmibaseline light object
with wide diameter ring at initial orientation 8 (Table 2ncreasing the object mass increaggdoy 0.73
seconds #(365) = 4.00, p < 0.001) and increasing the angular precision increaggdy 2.96 seconds
(t(365) = 16.22, p < 0.001). The task also took longer when the handle orientationestdarther from the
central orientation 8, as indicated by the positive coeffitfor the squared orientation terng365) = 17.60,

p < 0.001). The significant effect on the linear orientation tert{B65) = —5.66, p < 0.001) indicates
that the quadratic trend is not symmetric around orientaio From the linear orientation and squared
orientation coefficients, we computed that the minimum ef guadratic trend occurs at about 20 degrees

counterclockwise from orientation 8 (Fig. 3).

12



4.2 Object rotation and lift-off angle selection

The amount of preparatory object rotation (Fig. 4) incrédse 7.7 degrees for the increased angular preci-
sion corresponding to the thin diameter balance riig6d) = 2.21, p = 0.0276) (Table 3). The positive
coefficient for the squared orientation§64) = 16.62, p < 0.001) indicates that the amount of rotation
increased as the initial object orientation was furthemfithe central orientation 8. The positive coefficient
for the interaction effect of angular precision with squbogientation {(364) = 2.33, p = 0.0206) indicates
that there was an increase in the trend’s quadratic cuevditmrthe thin diameter balance ring compared to
the wide diameter balance ring.

The average angular deviation (AAD) from the mean lift-@n@lig. 5) was 43.0 degrees for the baseline
light object with wide diameter balance ring. The lift-offigle variability decreased by 4.6 degrees for
increased object mass(§4) = —2.12, p = 0.0414) and decreased 12.9 degrees for increased angular
precision {(34) = —5.90, p < 0.001) (Table 4).

We also performed the test on lift-angle variability on asathof the data, excluding the two partici-
pants who failed and repeated the most trials (10 and 13}rialPart |I. For the subset of the remaining
10 participants’ lift-angle AAD measures, the lift-anglariability decreased by 7.1 degrees for increased
object mass¢(28) = —5.62,p < 0.001) and decreased by 11.0 degrees for increased angulariprecis

(t(28) = —3.29,p = 0.0027).

4.3 Lifting capability

The maximum lifting capability (Fig. 6a) ranged from 1.5kg8&.2kg. The maximum lifting capability for
the wide diameter ring was greater than that for the thin diemring for 10 of the 12 participants. The
maximum measurement occurred in the region between oti@nsal and 7.5 for all participants for the
wide diameter angular precision level. For the thin diamatgular precision level, the maximum capability
measurement occurred between orientations 1 and 7.5 fof tt®d.2 participants. In the two exception
cases, the second largest measurement occurred betwestations 1 and 7.5, and it was at most 0.18kg
less than the maximum measurement. Figure 6b shows thatahage lifting capability profile is asymmetric
around the region of maximum capability, since the liftimgpability decreases more steeply for orientations
to the left of the central region.

Figure 7 shows the correlation between the amount of obj¢ation and the normalized lifting capability.

The data are divided into two groups due to the asymmetryeditiiregion (initial orientations 1-3) and right
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region (initial orientations 4-8) of the object orientatiscale . For the left region, where the object rotation
was counter-clockwise, the Pearson correlation coefficiesr(10) = 0.9319 (p < 0.001). For the right
region, where the object rotation was clockwise, the Peezsarelation coefficient wag 18) = 0.9678 (p <
0.001). The positive correlation value indicates that a largeoant of rotation before lifting corresponded
to a larger change in the lifting capability at the selecttebff angle relative to the initial handle angle.

For all participants, the minimum lifting capability measdor a set of 8 selected lift-angles was greater
than50% of the individual’s maximum lifting capability. The meantbie minimum lifting capability measure
varied from 70% to 74% for the 4 combinations of object masseksangular precision levels (Table 5). The
variability of the lifting capability (Fig. 8) measured byet AAD decreased by.5% for the increased angular
precision ((34) = —2.39, p = 0.0225) (Table 6).

5 Experiment 2

The purpose of the second experiment was to investigatdttéraative strategy of direct grasping, for com-
parison with the preparatory object rotation strategy. tliract grasping strategy, an object is grasped from
its presented configuration without any prior adjustmernh&environment.

First, Experiment 2 tested whether the canister liftind tassExperiment 1 Part | was still achievable
without preparatory object rotation. That is, was prepagatotation necessary to complete the task success-
fully, or was it possible to perform the task using directgpiag without rotation? Second, Experiment 2
provides additional insight into the trade-offs in taskfpenance between the two movement strategies. Was
one strategy more robust for repeated task success? Ifskevis possible to complete by direct grasping,
did it require more time than the spontaneously selectgupatory rotation strategy? If so, what time-period

of the action would be lengthened?

5.1 Apparatus and procedure

The procedure for Experiment 2 was the same as for Experithdtdrt |, except for an additional task
constraint for the lifting trials. The experimental segtiand set of canisters remained the same.

As in Experiment 1, there were a total of 32 trials, testinghepossible combination of the 2 mass
levels, 2 angular precision levels, and 8 initial handletations. The 32 conditions were presented in a
randomized sequence, and a new randomized sequence waatgdrier the remaining conditions if there

were any failed trials where the ball dropped. It was exgktiat it might not be feasible to lift the canister
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from all of the presented handle configurations. Thus, aitiondwas not repeated in the sequence once
there were 3 failures for that specific condition.

The participant was instructed to retrieve the token unberdanister as quickly as possible, without
disturbing the balanced ball and without sliding the camisin the platform surface prior to lifting. The
participant was informed that there would be a maximum ot&napts for any one set of task conditions.

Five participants (4 male, 1 female) who participated in &kpent 1 volunteered for Experiment 2 as a

follow-up study.

5.2 Data analysis

Because the task timing would be compared between the aegresircondition in Experiment 2 and the un-
constrained condition in Experiment 1, we first verified that5 follow-up participants were a representative
subset of the 12 original participants with respect to tis tsompletion time for Experiment 1. An LME
model tested the total task completion time for the prepayabtation trials in Experiment 1 for th&¥ = 5
subset of data.

The number of unsuccessful trials were compared betweetwihenovement strategies for the 5 par-
ticipants in Experiment 2. The total number of unsuccesaftdmpts included trials of any repeated task
conditions. It was expected that there would be fewer uressfal attempts with the unconstrained prepara-
tory rotation strategy in Experiment 1, because directiiega-grasp actions would be less robust to the
variety of task conditions.

The task timing for the direct grasping trials in Experim2mtas determined using the same time segmen-
tation procedure from Experiment 1 (see Section 3.1). Tie tourses of the natural preparatory rotation
strategy and the direct grasping strategy were compared US31E models. The input data were the time
intervals for the trials from Experiment 1 Part | and Expegith2. Only the data from the 5 follow-up partic-
ipants were considered, so that the strategies were cothpakby-trial for corresponding task conditions
and participant.

We hypothesized that the unconstrained preparatory ootatrategy of Experiment 1 could result in less
total time for task completion relative to Experiment 2 doehe advantage of lifting the canister from a
preferred object orientation. It was expected that thetamtdil time required for the optional rotation action
would be offset by decreased time for the pre-interactiahldiing action intervals. The LME model tested
the fixed effect of the strategy on the time interval duratioa model which also included a random effect

for the participant and fixed effects for the object massuargorecision, the initial handle orientation, and
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the square of the initial handle orientation.
In addition, separate LME models tested the fixed effectarnimg intervals for each strategy. In this
case, the model for preparatory rotation tested the erdirefglata from the 12 participants in Experiment 1.

Another model for direct grasping tested the set of data fiteerb participants in Experiment 2.

5.3 Results

No participant reported fatigue or requested immediateimezddition to the scheduled breaks.

Three participants failed to complete the token retrieasktfor 6-8 trials (including repeated task condi-
tion attempts), 1 participant failed for 11 trials, and 1tjgdpant failed for 22 trials. For all five participants,
there were more failed attempts with the direct graspingtatry in Experiment 2 than with the natural
preparatory rotation strategy in Experiment 1 (Fig. 9a).

The token retrieval task was feasible for all five particisaif it involved the lower angular precision
requirement corresponding to the wide diameter balance(Rig. 9b). Failures to complete the task within
3 attempts were otherwise observed for all participants failing at 1 condition, two at 2 conditions, and
one at 5 conditions). One participant was not able to diyddtlthe light canister with the thin diameter
balance ring at handle orientation 4. Four of the five paréiois were not able to directly lift the heavy
canister with the thin ring at handle orientation 4. The othéeasible tasks occurred at handle orientations
3, 5, and 7 for the heavy canister with the thin ring.

The first LME model tested whether the 5 follow-up particifsawere representative of the original 12
participants. It was based on the total task time for the gnagpry rotation trials in Experiment 1. The
fixed effects which were significant for the complete set ([@a&) were also significant for the subset of 5
follow-up participants. The average total time was 3.9@®ads, which was higher than the average for all
12 participants (3.46 seconds).

The next LME model compared the timing between the two sirassfor the successfully completed trials
(Table 7). The total time for task completidy was on average 1.49 seconds shorter using direct grasping
instead of preparatory rotatiom(298) = —6.00, p < 0.001). The pre-interaction timé&; of perception
and reaching before initial object movement was 0.75 sextmfer for direct grasping over preparatory
rotation ¢(298) = 5.41, p < 0.001). The second time intervdl, for object interaction between initial
object movement and object lift-off was 2.30 seconds shotalirect grasping without preparatory rotation
(t(298) = —11.43, p < 0.001). The difference in the object lifting timé&; between the two strategies was

not significant.
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For the direct grasping trials in Experiment 2, the totalgify for task completion was 3.51 seconds on
average for the baseline light object with wide diameteg ahinitial orientation 8 (Table 8). Increasing the
angular precision increasé@ by 2.58 secondst(140) = 7.92, p < 0.001). Similar to the Experiment 1
trials, the task took longer for initial handle orientaofurther from the central orientation 8 (Fig. 10), as

indicated by the positive coefficient for the squared ogagoh term ¢(140) = 9.88, p < 0.001).

The main difference in timing between the two strategieg.(EL) is the quadratric trend with respect to
initial handle orientation (Table 9). For the natural prgpary rotation strategy in Experiment 1, the object
interaction timeT, had the largest coefficient (0.33) for the squared oriemtadiffect ((366) = 21.35,

p < 0.001) . The squared orientation coefficients were 0.08G6) = 4.17, p < 0.001) for the pre-
interaction time7; and -0.02 {(366) = —2.13, p = 0.0335) for the object lifting timeTs. However, for
the direct grasping strategy in Experiment 2, the pre-atigon time7; had the largest coefficient (0.22) for
the squared orientation effeet {40) = 6.32, p < 0.001). The squared orientation coefficients were 0.05
(t(140) = 5.06, p < 0.001) for the object interaction tim&, and 0.09 {(140) = 5.02, p < 0.001) for
the object lifting timeT. In other words, the response to initial handle orientatiocurred primarily in the
object interaction time for the preparatory rotation gggtbut occurred primarily in the pre-interaction time

for the direct grasping strategy.

6 Discussion

Preparatory object rotation, as opposed to direct-reagrdsp, was investigated as a movement strategy. Of
particular concern were the conditions that lead to preépgraiotation and its utility. Selecting preparatory
rotation over the alternative of direct grasping requireshaice in the amount of object rotation, which
determines the object angle at the lift-off time. The expemtal results suggest that the lifting capability
associated with a particular object orientation is onedot which underlies the selected movement strategy.
The choice of lift-off angles, in turn, is sensitive to diffity factors of object mass and task precision. In
almost all of the task conditions, preparatory rotationgsanal, because it is possible to use direct grasping
even for object lift-off angles associated with lower hifti capability. One potential advantage of selecting a
posture with higher capability is the improved robustndssompleting the task successfully, at the cost of

longer time for task completion.
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6.1 Selection criteria for object rotation and lift-angle

This study replicated previous observations that preparaibtation shows a quadratic trend with respect to
the initial handle orientation of the lifted object (Chartgk, 2008). That is, people tend to rotate the object
in the shorter direction toward a desired lift-off oriemdat More importantly, this investigation extends
beyond the previous work by examining posture-dependgingicapability as a criteria for the lift-off angle

selection.

The results of Experiment 1 showed that the maximum liftiagability occured around the central ob-
ject orientation number 8, in the same region of initial Harahgles where participants performed the least
amount of rotation. The lifting capability might be congiele a biomechanical measure of the comfort asso-
ciated with a lifting posture, especially for a somewhat dading task as the token retrieval task presented
here. Accordingly, the set of selected lift-angles withHiifting capability could be described as a “comfort

zone” for the lifting grasps.

In particular, there was a strong correlation between theustnof object rotation and the change in the
lifting capability that rotation would produce. This cdaton suggests that the sub-action of preparatory
rotation acts to increase the posture-dependent capdbilithe primary lifting task. The object reconfigura-
tion, which anticipates the strength capability for the Ifimetion, may be an externalization of the end-state
comfort effect first observed by Rosenbaum et al. (1990}je&tsof only choosing a body posture in response
to a task condition, the participant also adjusts the olifettte environment to obtain task conditions which

afford preferable postures.

The correlation curves (Fig. 7) contained points wheregteas a small negative difference in the lifting
capability for a small amount of rotation. These corresgahtt trials for initial handle orientations 1, 7, and
8, where the lifting capability is already near the maximufime change in handle orientation may be due
to the local adjustment resulting from the grasping intéoacat lift-off time. The small decrease in lifting
capability may be acceptable because the handle anglenemvihin the preferred comfort zone and does
not need to be at the optimum posture. The values of negaiaege in lifting capability could also be due
to limitations in the measurement technique of lifting daifiy, which depended on participants to perform

the lifting interaction with a consistent amount of maximaffort for all samples.

The selection criteria for the lift-off angle may be a condiion of both costs associated with goal
postures at the lift-off states and costs associated wélrdtation sub-action. For example, the variability

of lift-off angles over different initial angles may be dued trade-off between the pushing effort required
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for the amount of rotation and the lifting capability at thedfi selected lift-off angle. Future investigation is
required to determine whether goal postures alone are isuffifor predicting the selection of preparatory
movements, as in a posture-based planning model (Roseneaam 1993a,b, 1995). It is possible that
for complex manipulation involving preparatory objectustment, action costs are required to model the

dynamic object interaction in addition to the goal grasgingtures.

6.2 Sensitivity to task difficulty factors

Experiment 1 also investigated how the task difficulty affebe specific strategy of preparatory object ma-
nipulation. Our intent was to examine whether the lift-offgée selected by the preparatory rotation was
invariant across task conditions, which might be the cagsdif/iduals had a fundamental preference for a
particular set of geometric task conditions. We expectedidver, that the selection of object lift-off angles

would vary in response to the task demands, such that morarat#ng tasks would result in a narrower range
of angles which resulted in successful task completion.

Object mass and required angular precision, as manipugtedject diameter, were tested as two specific
task difficulty factors which could affect task performaneeéExperiment 1 Part I. The angular precision is
similar to the geometric task difficulty index proposed bydsh & Jaric (2002) as a parameter for describing
postural coordination for a drinking task. We additionatlyestigated object mass as a strength requirement
for the manual lifting task in our experiments, which may barenphysically demanding than a drinking task.
The differences in total time of task completion confirmeat thwas more difficult to lift the heavier object
and/or balance with the thinner diameter ring. Both factanstributed to longer time for the token retrieval
task, even for the same initial handle orientation.

We first examined the effect of the task difficulty factors ba amount of object rotation. Only angular
precision, and not object mass, was a significant factorHeramount of rotation. When greater angular
precision was required for the lifting task, the canisteswatated more from the initial orientation.

We also examined the effect of the two task difficulty factonsthe variability of the object orientation
at the lift-off time. Increased object mass and increaseajlilan precision resulted in decreased lift-angle
variability. This indicates that although object mass ditl aifect the amount of object rotation for a specific
starting angle, mass did affect the selection of the prefleangles prior to lifting. The variability of the lift-
angles represents the size of the comfort zone for a paaticombination of object mass and task precision.
Increased variability indicates a less restrictive s@beabdf the preferred lifting postures. The lower levels of

object mass and/or task precision resulted in a relaxafitireaconstraint on the region of selected lift-angles.
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For the task precision factor (but not the object mass factioe increased variability in the lift-angles also
corresponded to increased variability in the lifting cafigbwithin the selected comfort zone. This result
suggests that the externalization of the lifting capabdititerion is diminished for less precise tasks, which
adds to the previous finding by Rosenbaum et al. (1996) tkeaditd-state comfort effect is decreased for less
precise dowel wielding tasks.

The difference in the effect of object mass on the specificlarhof rotation and the lift-angle variability
could be due to the specific two levels of object mass testekerexperiment. The canister mass for the
“heavy” level was specifically chosen to be light enough toidvatigue from repeated lifting. Given the
trend in the predicted direction, we hypothesize that thjeatbmass would reach significance as a factor for

the amount of object rotation if a heavier canister coulddzsonably tested in a future experiment.

6.3 Preparatory rotation as an alternative to direct graspng

The strategy of preparatory rotation is an example of movemeanning for a sequence of sub-actions
to complete a task. In particular, preparatory rotatioroives not only the anticipation of body posture
but also the selection of intermediate object configuratiahich is an adjustable task condition. If the
intermediate object configuration is similar for differéask conditions, then a well-practiced or comfortable
lifting action can be reused. Achieving similar intermeditask conditions for reuse of the lifting action
requires adaptation of the rotation action for differentiah object orientations. The rotation of the object
handle to a particular region suggests that for some tagks thay be a preference for adapting only the
preparatory action component for reuse of the lifting pasteaompared to planning an entirely new direct
grasping action. The present findings indicate that thecehtoi adapt the rotation motion instead of the lifting
action may be influenced by the posture-dependent liftipglogity as well as the difficulty factors of object
mass and task precision.

In some cases, the task conditions may be sufficiently difftbat preparatory rotation may be required
to complete the task because direct grasping is infeasible.results of Experiment 2 suggest this might be
the case for the lifting a heavy object with a strict angulacsion requirement when the handle is opposite
the preferred lift-angle region. In less demanding tasksluing a lighter object or less angular precision,
direct grasping may be a feasible strategy for successfaptation. The participants’ choice in Experiment
1 to use preparatory rotation even for these task condifindisate there are advantages to reconfiguring
the object to a new orientation with higher lifting capatyili The results from Experiment 2 suggest that

lifting from the preferred comfort zone improves the rolmests of the lifting action such that the task can be
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completed successfully in fewer attempts. The increaselinstness may be due to the increased efficiency
or safety margin of the higher lifting capability relativ@the minimal lifting capability required to complete
the task.

Preparatory rotation did not result in a clear timing adagetover direct grasping, because the total time
was shorter for direct grasping. The largest differencevben the two strategies is the relative contribution
of the different time intervals for pre-interaction, oljgeteraction, and object lifting. The tinig; for object
lifting was not significantly different between the two $égies. The results from Experiment 2 suggest
preparatory rotation may be selected over direct graspirggta the shorter planning and reaching tife
before initial object movement, even if the increase in thgect interaction timel;, results in an overall
longer time for task completion.

We further note differences in how the component times wieetd by the object orientation. For the
unconstrained preparatory rotation strategy, the peraigtion time was relatively constant across different
initial handle orientations (Fig. 11). That is because thal gposture for initial object movement must only
contact the canister handle for the adjustment motion. Tai@ ontribution to the quadratic effect of initial
orientation is from the object interaction tirfie where the preparatory rotation occurs.

However, when preparatory rotation is not permitted in tliead grasping trials, the main contribution
to the quadratic orientation trend arises in the pre-intéya time,7;. The increase in the pre-interaction
time for direct grasping suggests that the restriction fmpneparatory adjustment is compensated for by
longer planning and reaching times before object contabe glanned posture for initial contact with the
object must be capable of lifting the canister to complegetttken retrieval task. This difference in the pre-
interaction time may be partially due to a mental rotatiothef object for posture planning, to compensate
for the lack of physical rotation. The average increase 06 8.for time77 is on the order of the delay times
for mental rotation (0.4-1.1 s) reported by Cooper & She§a@f3), for example. Although the preparatory
rotation strategy requires longer absolute time for tagkpmetion, the longer pre-interaction time for direct
grasping may affect the participants’ perceived task time t the complexity of initial planning phase.

Overall, preparatory object rotation involves several ponents which may be studied to understand how
humans choose between alternative movement strategidsvigtigated the changes in object configuration
prior to lifting, which represented the selection of thefpreed task-space conditions for the manual lifting
action. Further investigation of posture and grasp diffees may lead to greater insight into the factors
determining an individual’'s choice between a direct gnagstrategy and a preparatory rotation strategy.

Factors such as initial and final object locations may alsxy jal role in the selection of a manipulation
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strategy. In addition, we observe the preparatory rotaisojust one of many strategies that people use
for object interaction prior to grasping. Other prepanatoranipulation actions include sliding, pivoting,

and complex tumbling maneuvers to reconfigure the the obgfctre the final grasp. Additional research of
preparatory manipulation strategies beyond preparatdagion can complement the existing literature which

has often focused on direct reaching and grasping tasks.
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Figure 1: (a) Top view of the canister interior. The handienated by the dotted arc on the left, is formed
by two indentations in the body. (b) Side view of the canjstgth a ball balanced on the lid. The handle is
on the left in the diagram. There were two levels for the di@mP of the balance ring, which was used to
manipulate the task difficulty factor of required angulaggision with respect to the vertical orientation.
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Figure 2: General layout of the experimental setting. (a)i@pants started in a standing position facing the
tabletop platform. A vertical screen blocking the view of thbject was raised at the beginning of each trial.
A scale under the platform measured the vertical load dusstolbject weight. (b) Participants stood slightly
to the left of the platform and lifted the canister by the Handith their right hand. A T marking on the floor
denoted the foot placement relative to the platform. (c)dohetrial, the handled object started in one of eight
orientations defined by the handle direction. In the figune,iandled object is in orientation 1, where the
handle directly faces the participant.
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Figure 3: Mean data for the total tinig for task completion. The LME model results (Table 2) indécat
that task completion time was longer for the heavy objectswaasl/or the increased angular precision corre-

sponding to the thin diameter balance ring. The task alsoltmtger if the handle orientation started farther
from the central orientation 8, as indicated by the quadtegind with respect to the initial handle orientation.
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Figure 4: Mean data for the amount of preparatory objectimtaThe LME model results (Table 3) indicate
that at the central orientation, there was 7.7 degrees nigeetaotation for the increased angular precision
corresponding to the thin diameter balance ring. In additaanount of rotation had a significant quadratic

trend with respect to the initial handle orientation, whigltonsistent with expectations for increased object
rotation with increased distance from the preferred céntrantation.
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Figure 5: Mean data for lift-angle variability, as measubgdthe absolute average deviation (AAD). The
error bars indicatet1 standard error of the mean estimate. The LME model resTdisl¢ 4) indicate that

the lift-angle variability decreased 4.6 degrees for theenmassive object and 12.9 degrees for the increased
angular precision corresponding to the thin diameter lzaaimg.
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lifting capability profile
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Figure 6: (a) The maximum lifting capability measurements @glotted at the corresponding handle orien-
tations for each of the angular precision levels (wide on tiemeter). For each data point, the direction
relative to the circle center represents the handle otientaf the measurement taken at the sampled handle
angles (Fig. 2c). The radial distance from the circle cergpresents the magnitude of the maximum lifting
capability. For all but two cases, the maximum measuremeniroed between orientations 1 and 7.5, facing
toward the participant’s right side. These measurements wsed to normalize each participant’s measure-
ments to determine the lifting capability ratios for theestéd lift angles. (b) Mean values for the normalized
lifting capability profile over the sampled handle angles.
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(a) correlation for initial angles 1-3 (b) correlation for initial angles 4-8
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Figure 7: Correlation between amount of rotation and thiefice in lifting capability. The data is divided
due to the asymmetry of the (a) left and (b) right sides of thjeat orientation scale. The positive correlation

indicates that for more object rotation prior to liftingetie is a larger difference in the lifting capability at the
selected lift-off posture and the initial lift-off posture
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variability in force ratio at lift angle
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Figure 8: Mean data for variability of the lifting capabjlitatio, as measured by the absolute average devia-
tion (AAD). The error bars indicateé-1 standard error of the mean estimate. The LME model restdtsi¢

6) indicate that the variability of the lifting capabilitytio decreased 1.5 percent for the increased angular
precision corresponding to the thin diameter balance ring.
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comparison of failed attempts
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Figure 9: Failures at task completion using the direct grasptrategy. (a) Total number of failed lifting
attempts (including repeated task conditions) for the rioladrieval task. All five participants failed more
trials when restricted to a direct grasping strategy withpyeparatory rotation. (b) The direct grasping task
was considered infeasible for a particular set of task d¢andi if the participant could not complete the
task within three attempts. All infeasible tasks condisianvolved the increased angular precision level
corresponding to the thin diameter balance ring. The taskiwhas infeasible for the most participants was
the token retrieval for the heavy canister with thin diamétalance ring at handle orientation 4, which is
opposite the lift-off angle region observed when the naforgparatory manipulation is allowed.
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total task completion time, TO, for direct grasping
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Figure 10: Mean data for the total tin¥g for task completion when constrained to direct graspinge Th
point at initial orientation 4 for the heavy canister witletthin ring is not shown because only 1 of the 5
participants completed this task condition. The LME modasiutts (Table 8) indicate that task completion
time was longer for increased angular precision correspgnid the thin diameter balance ring. The task
also took longer if the handle orientation started fartliemf the central orientation 8, as indicated by the
guadratic trend with respect to the initial handle origotat
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(a) pre-interaction time T1 for preparatory rotation (d) pre-interaction time Tl for direct grasping
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Figure 11: Mean data for the task components for both (a, thehatural strategy observed for 12 par-
ticipants in Experiment 1 and (d, e, f) the direct graspingtsgyy observed for 5 follow-up participants in
Experiment 2. For the direct grasping condition, the pofrihiial orientation 4 for the heavy canister with
the thin ring is not shown because only 1 of the 5 participaotspleted this task condition. (Table 9) presents
LME results of the fixed effects for each time interval.
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Table 1: Response metrics observed for each trial of thentodiieval task in Experiment 1 Part I, where
the participant lifted the canister from a presented olgéantt orientation. Two groups of response metrics
examined the object configuration choices for the prepgratatation strategy and the timing of the task

completion.

Response metric

Computation notes

Object configuration

Lift-off angle
Preparatory rotation
Timing

Pre-interaction (perception and reachirif),
Obiject interaction (preparatory adjustmefit),
Object lifting and token retrieval]s

Total time, Ty =T, + T + T3

Handle angle in horizontal plane at lift-dfame
Angle change between starting angldift-off angle

Raising of screen to initiation of object movement
Initiation of object movement to object lift-off from suda
Obiject lift off to object return to surface

Raising of screen to object return to surface
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Table 2: Effects on task completion time (seconds) reguftiom the linear mixed-effects (LME) analysis.
Thet-test andL ratio test results indicate the significance of the fixedatfand random effects, respectively.
Significant effectsy{ < 0.05) are denoted by asterisks (*). In the model, the baselineheas| was light (L)
and the baseline diameter for angular precision was wide TW)s the mean value for the mass and angular
precision are the additive effects for the heavy (H) level e thin (T) ring diameter.

Main effects Mean Value (s) Std. Error (s) t(DF) P

To: total task completion time t(365)
Baseline (L=0, W=0) 3.46 0.61
Object mass (H=1) 0.73 0.18 4.00 <0.001*
Angular precision (T=1) 2.96 0.18 16.22 <0.001 *
Orientatior? coefficient 0.35 0.02 17.60 <0.001*
Orientation coefficient -0.25 0.04 -5.66 <0.001 *

Random effects Baseline value (s) Residual error ($)ratio P

To 2.00 1.78 248.85 <0.001 *
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Table 3: Interaction effects on amount of preparatory dhje@tion (degrees) from the LME analysis. The
t-test andL ratio test results indicate the significance of the fixedat$f@nd random effects, respectively.
Significant effectsy{ < 0.05) are denoted by asterisks (*). In the model, the baselinesheas| was light (L)
and the baseline diameter for angular precision was wide TW)s the mean value for the mass and angular
precision are the additive effects for the heavy (H) level tire thin (T) ring diameter.

Fixed effects

Mean Value (deg) Std. Error (deg) t(DF) P
Main effects (364)
Baseline (L=0, W=0) -1.3 3.1 -0.41 0.6818
Object mass (H=1) 2.1 3.5 0.61 0.5427
Angular precision (T=1) 7.7 3.5 221 0.0276 *
Orientatior? coefficient 9.6 0.6 16.62 <0.001*
Orientation coefficient -4.6 0.6 -7.94 <0.001*
Interaction effects
Object mass * Orientatidn 0.4 0.5 0.76 0.4503
Angular precision * Orientatioh 1.1 0.5 2.33 0.0206*
Random effects Orientatidreoefficient (deg)  Residual error (deg)L ratio P
1.3 23.3 38.28 <0.001*
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Table 4: Main effects on lift-angle variability resultingofn the LME analysis. Lift-angle variability is
measured by the average absolute deviation (AAD) of lifilas over the set of 8 initial handle orientations.
Thet-test andL ratio test results indicate the significance of the fixedat#fand random effects, respectively.
Significant effectsy{ < 0.05) are denoted by asterisks (*). In the model, the baselinesheas| was light (L)

and the baseline diameter for angular precision was wide TW)s the mean value for the mass and angular
precision are the additive effects for the heavy (H) level #re thin (T) ring diameter. The negative values
for the additive effects indicate the lift-angle variatyildecreases for increased object mass and increased

angular precision.

Main effects Mean Value (deg) Std. Error (deg) ¢(DF) P
Lift-angle variability t(34)
Baseline (L=0, W=0) 43.0 3.3
Object mass (H=1) -4.6 2.2 -2.12  0.0414*
Angular precision (T=1) -12.9 2.2 -5.90 <0.001 *
Random effects Baseline value (deg) Residual error (defyatio P
9.3 7.6 19.16 <0.001*
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Table 5: Mean and standard error for the minimum capabititios (percent) associated with the selected
lift-angles of the four tested task conditions.

Mean+ standard error (percent) Object mass

Light canister Heavy canister

Angular precision level

Wide diameter ring 70.3 2.4 71.4+ 2.6
Thin diameter ring 72.3 3.0 73.7+ 3.2
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Table 6: Main effects on lifting capability variability fro the LME analysis. Lifting capability variability
is measured by the average absolute deviation (AAD) ohtifitapability ratios (in percent) corresponding
to the set of 8 initial handle orientations. The negativeigalfor the additive effects indicate the variability
decreases for increased object mass and increased angadesign.

Main effects Mean Value (percent) Std. Error (percent) t(DF) P
Lifting capability variability t(34)
Baseline (L=0, W=0) 7.6 0.7
Object mass (H=1) 0.03 0.6 -0.04 0.9671
Angular precision (T=1) -15 0.6 -2.39  0.0225*
Random effects Baseline value (percent) Residual errocépd L ratio D
15 2.2 5.10 0.024 *
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Table 7: Fixed effect of manipulation strategy on moveméanet(seconds) from the LME analysis. Sig-
nificant effects f < 0.05) are denoted by asterisks (*). In the model, the baselirsegty was the natural
preparatory rotation strategy observed in Experiment lusTthe mean value for the strategy factor is the
additive effect for the direct rotation strategy observe&xperiment 2.

Main effect of direct grasping strategy Mean Value (s) StdoE(s) ¢(298) P

Tp: total task completion time -1.49 0.25 -6.00<0.001 *
T : perception and reaching 0.75 0.14 5.41<0.001 *
T»: manipulation and grasping -2.30 0.20 -11.4%0.001 *
T3: object lift and token retrieval 0.06 0.11 0.54 0.5863
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Table 8: Effects on task completion time (seconds) from thELanalysis of the direct grasping trials in
Experiment 2. Significant effectp (< 0.05) are denoted by asterisks (*). Expect for object mass, theslfix
effects which are significant are the same as those for thmmpatory rotation trials (Table 2).

Main effects Mean Value (s) Std. Error (s) t(DF) P

Tp: total task completion time t(140)
Baseline (L=0, W=0) 3.51 0.92
Object mass (H=1) 0.44 0.32 1.35 0.1807
Angular precision (T=1) 2.58 0.33 7.92 <0.001*
Orientatior? coefficient 0.36 0.04 9.88 <0.001*
Orientation coefficient -0.64 0.08 -7.94 <0.001 *

Random effects Baseline value (s) Residual error (§)ratio P

To 1.92 1.96 70.44 <0.001*
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Table 9: Fixed effects on movement time (seconds) resuftimg the LME analysis. Significant effects
(p < 0.05) are denoted by asterisks (*). In the model, the baselinesheael was light (L) and the baseline
diameter for angular precision was wide (W). Thus the meamevidr the mass and angular precision are the
additive effects for the heavy (H) level and the thin (T) roigmeter.

Main effects

Natural strategy with preparatory
rotation (Experiment 1N = 12)

Direct strategy without preparatory
rotation (Experiment 2V = 5)

Mean Std. Mean Std.
Value Error ¢(DF) P Value Error ¢(DF) P
(s) (s (s) (s
T, pre-interaction t(366) t(140)
Baseline (L=0, W=0) 235 021 11.36<0.001* 226 0.64 355 <0.001*
Object mass (H=1) 0.35 0.08 451 <0.001* 0.21 0.07 0.97 0.3314
Angular precision (T=1) 0.76 0.08 9.76 <0.001* 1.37 0.22 6.32 <0.001*
Orientatior? coefficient 0.04 0.01 4,17 <0.001* 0.22 0.02 9.06 <0.001*
Orientation coefficient 0.01 0.02 0.48 0.6344 -0.37 0.05 856. <0.001*
T5: object interaction t(366)
Baseline (L=0, W=0) -0.45 0.36 -1.26 0.2072 -0.01 0.10 -0.07 .94m2
Object mass (H=1) 0.25 0.14 1.73 0.0837 0.10 0.09 1.06 0.2930
Angular precision (T=1) 157 014 11.00<0.001* 0.17 0.10 1.87 0.0640
Orientatior? coefficient 0.33 0.02 21.35 <0.001* 0.05 0.01 5.06 <0.001*
Orientation coefficient -0.29 0.03 -8.23<0.001* -0.12 0.02 -5.23 <0.001*
T3: object lifting t(365)
Baseline (L=0, W=0) 155 0.19 8.26 <0.001* 1.26 0.35 3.59 <0.001*
Object mass (H=1) 0.14 0.07 2.18 0.0296* 0.13 0.16 0.82 @414
Angular precision (T=1) 0.64 0.07 9.81 <0.001* 1.04 0.16 6.56 <0.001*
Orientatior? coefficient -0.02 0.01 -2.13 0.0335* 0.09 0.02 5.02<0.001 *
Orientation coefficient 0.02 0.02 1.22 0.2214 -0.15 0.04 943. <0.001*
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