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Abstract

Stability is the ability of a system to maintain a desired static or dynamic motor pattern. Maneuverability, on the other hand,
is the ability to transition between motor patterns, and it is antagonistic to stability. Animals frequently reduce the stability
of an ongoing task to facilitate anticipated movement transitions. Such stability—maneuverability tradeoffs are observed in
human locomotion. However, the notion applies to other behaviors and this paper reports the first study on the stability—
maneuverability tradeoff in human prehension. We tested if the coordination between the digit forces during the manipulation
of a hand-held object is altered in response to an expected change in the manipulation pattern. We focused on the coupling
between the grip and the load force and between the opposing forces exerted by the thumb and the four fingers, and on the
transition from rhythmic vertical oscillation to non-vertical oscillation of the object. The nature of these couplings depends
on the oscillation direction. Therefore, the stability—-maneuverability tradeoff predicts that an expected volitional change to
the object’s movement will diminish the strength of these couplings so that the force patterns generating the current move-
ment can efficiently transition into new ones that generate the new movement. The strength of the grip—load coupling did
not alter in tasks that required a change in movement compared to tasks that did not. We speculate that participants preferred
safety over maneuverability and maintained the grip—load coupling strength to counter high inertial loads and avoid object
slip. In contrast, the strength of the coupling between the thumb and the four fingers’ opposing forces reduced in tasks that
required a change in movement compared to tasks that did not. Thus, the stability-reduction aspect of the stability—maneuver-
ability tradeoff occurs in prehensile behavior. Future work should focus on associating the reduction in stability with gains
in maneuverability, and on developing a comprehensive account of this tradeoff in prehensile tasks.

Keywords Prehension - Stability—maneuverability tradeoff - Grip-force—load-force coupling - Cross recurrence
quantification analysis

Introduction Studies in comparative biology suggest that biomechanical

traits influence overall maneuvering capacity of animals

Stability and maneuverability of action are important attrib-
utes of a healthy motor system that enable human beings
to execute functional movements. Stability is the ability
of a system to maintain a desired static or dynamic motor
state by rejecting neuromuscular and environmental noise.
Maneuverability is the ability to transition between motor
states, and it is usually thought to be antagonistic to stability.
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(Fish 2002; Dakin et al. 2018). However, skill or neural
control of movement and neuromuscular health also play a
part in determining the maneuvering capacity of individual
animals. Individuals will often trade off stability to enhance
maneuverability. That is, the stability of the current task is
reduced to facilitate an anticipated motor transition (Riccio
and Stoffregen 1988; Riccio 1993; Riley and Turvey 2002;
Hasan 2005; Huang and Ahmed 2011; Tillman and Ambike
2018a). Such stability—maneuverability tradeoffs have been
observed in humans in locomotion (Acasio et al. 2017) and
posture control tasks (Huang and Ahmed 2011). Although
this tradeoff is usually discussed in the context of locomo-
tion, the notion applies to other behaviors, and the current
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paper reports the first study on the stability—-maneuverability
tradeoff in human prehension.

Maneuverability in prehensile behavior refers to the tran-
sitions between patterns of object manipulation. This is a
component of manual dexterity (Santisteban et al. 2016),
and it is a critical ability that enables tool use in humans.
The objective of this work is to test if the stability-reduction
aspect of the stability—maneuverability tradeoff occurs in
manual prehension. We test if the stability of prehensile
forces reduces in response to anticipated volitional changes
in the prehensile task. Anticipatory control is a dominant
feature of volitional prehensile actions. It manifests in the
near simultaneous changes in grip force with changes in
load forces that occur (1) during manipulation (Johans-
son and Westling 1984; Flanagan et al. 1993; Flanagan and
Wing 1993, 1995; Flanagan and Tresilian 1994; Viviani
and Lacquaniti 2015), (2) due to self-induced perturbations
to objects (Flanagan and Wing 1993; Scholz and Latash
1998; Danion 2004; Shim et al. 2006), (3) while moving
an object against a predictable external load (Hermsdorfer
and Blankenfeld 2008), and (4) in anticipation of an impact
between the hand-held object and the environment (Kuling
et al. 2019). Anticipatory control is also apparent in the use
of sensorimotor memory in the handling of familiar objects:
grip force for lifting an object is pre-planned based on the
experience of lifting the same or similar objects in the past
(Johansson and Westling 1984; Gordon et al. 1993; Quaney
et al. 2003; Johansson and Flanagan 2009; Fu et al. 2010).
However, the manipulation tasks used in prehension studies
are typically predefined (grasp and lift, oscillate the object,
etc.), and the effect of uncertainty in the transition between
manipulation behaviors is rarely studied. It is not known if
grip characteristics during an ongoing manipulation pattern
change in response to an anticipated volitional transition into
another manipulation pattern.

Therefore, in this study we quantified the alteration in
the stability of grip characteristics that facilitate anticipated
changes in the direction of oscillation of a hand-held object.
During the vertical oscillation of a vertically grasped object,
we assessed the strength of two well-known couplings in
human prehension: the grip-force—load-force coupling and
the coupling between the pressing forces applied by the
thumb and the fingers. We performed these assessments
when the participant neither expected nor changed the
direction of oscillation, and when the participant expected
to change the oscillation direction in response to a cue and
compared the coupling strengths across the two task types.

The participant held an object in a prismatic grasp with
the distal phalanges of the thumb and the four fingers press-
ing on the object’s surfaces in opposition to each other
(Fig. 1). When the object is static, these opposing forces
are equal, and they yield the grip force (see “Methods” for
operational definition). The normal pressing force at each
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Fig. 1 Instrumented object. Five digits of the right hand on five force
transducers. Normal (red) and vertical tangential (green) forces at the
interface of each digit and transducer are shown. A motion capture
system tracked the positions of four reflective markers fixed to the
object

digit—object interface creates friction that balances the load
force due to the object’s weight and the inertial forces along
the digit—object contact surface during manipulation (Flana-
gan et al. 1993). When moving a vertically oriented object
in the vertical direction, the grip and load forces covary
positively, and this phenomenon is the grip-force—load-force
coupling (Johansson and Westling 1984). Furthermore, the
normal forces applied by the thumb and the virtual finger [an
imaginary finger which produces force and moment equal to
the resultant of the forces and moments produced by the four
fingers (Arbib et al. 1985)] must cancel out while grasping
an object with zero horizontal acceleration. However, dur-
ing vertical oscillation, the normal force magnitudes change
according to the grip-force—load-force coupling (henceforth
called ‘grip—load coupling’). This implies that the normal
force magnitudes covary positively to minimize the hori-
zontal movement of the object, thus yielding the coupling
between the thumb and virtual finger normal forces (Gao
et al. 2005; Slota et al. 2011).

The grip—load coupling arises from the continuous feed-
forward specification of the grip force magnitude (Flanagan
and Wing 1997; Johansson and Flanagan 2009), or other
control variables such as referent digit positions that yield
the grip force (Pilon et al. 2007; Ambike et al. 2015). How-
ever, recent evidence has emerged that the control of grip
force (or of latent control variables responsible for the grip
force) can become intermittent, resulting in intermittent
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(i.e., weaker or less stable) grip—load coupling (Grover et al.
2018, 2019). This can occur when highly predictable fluctua-
tions in the load lead to a low possibility of object slip, e.g.,
when the movement is deterministic (Grover et al. 2019)
and/or the environmental disturbances are small (Hadjiosif
and Smith 2015). Here, we test the hypothesis that a similar
reduction in the stability of this coupling will occur when a
volitional alteration in the manipulation pattern is expected
(hypothesis 1). Note that in this case, the ongoing movement
is highly deterministic. However, an event will occur in the
near future during which the nervous system must alter the
grip force pattern to compensate for a new load force pattern
that will result from a different movement.

Similarly, the nature of the thumb-virtual finger normal
force coupling (henceforth called ‘thumb-virtual finger
coupling’) is different when the object is moved in non-ver-
tical directions. For example, horizontal oscillation of the
object requires an oscillating net horizontal force (Kerr and
Roth 1986; Yoshikawa and Nagai 1991), which is achieved
through negative covariation between the thumb and virtual
finger normal force magnitudes (Gao et al. 2005; Slota et al.
2011). Therefore, to transition from vertical to horizontal
oscillation of the object, the thumb and virtual finger nor-
mal force magnitudes must transition from positive covaria-
tion to negative covariation. Similar changes, but of smaller
magnitude, must occur for transitioning from vertical to
oblique oscillations. The phenomenon of anticipatory syn-
ergy adjustment documents such changes in tasks in which
the four fingers together produce one pressing force (Olafs-
dottir et al. 2005, 2007, 2008; Shim et al. 2005; Tillman and
Ambike 2018a, b). In these studies, the four finger forces
covary negatively to maintain the total pressing force, and
they covary positively when the total force must be changed.
When individuals are required to transition from produc-
ing constant total force to producing a rapid change in total
force, the strength of the negative covariation in the forces
diminishes before the total force changes. Therefore, our
second hypothesis is that the strength of the thumb-virtual
finger coupling will be lower when a change in oscillation
direction from vertical to non-vertical is expected compared
to when it is not.

Furthermore, it is plausible that stability adjustments
scale proportionally with the perceived difficulty of the
task. This is consistent with the view that the central nerv-
ous system utilizes probabilistic models of the task to opti-
mize performance (Kording and Wolpert 2004; Wolpert
and Landy 2012). Such a model will assess a task with a
larger response set (i.e., the anticipated change in oscil-
lation direction may be in one of several possible direc-
tions), or tasks where the direction and/or timing of oscil-
lation change is unknown, as harder tasks, and the nervous
system may respond by weakening the couplings more to
maintain the performance of the transitions. Therefore, our

third hypothesis is that the coupling strengths will reduce
more for tasks with larger response sets, and our fourth
hypothesis is that the coupling strength will be lower for
reaction-time tasks compared to tasks where the timing
and nature of the change is known (‘self-paced’ tasks).

Methods
Participants

Twenty healthy young individuals [11 females;
age=23.2+3.1 years; weight=67.5+11.1 kg;
height =1.69 +0.08 m; (mean + standard deviation)] vol-
unteered to participate in this study. All participants were
right-hand dominant by self-report [hand length measured
from hand base to the tip of middle finger=18.8 +2.1 cm;
hand breadth measured across distal ends of metacarpal
bones =8.3 + 0.6 cm], and no participant had any history
of neurological disease or musculoskeletal disorder or
injury in the upper arm. All participants provided written
informed consent in accordance with procedures approved
by the Institutional Review Board of Purdue University.

Equipment

Participants grasped an instrumented object weighing
325 g with the digit tips of their right hand (Fig. 1). Five
six-component (three-force and three-moment compo-
nents) force transducers (four Nano 17-E and one Nano
25-E, ATI Industrial Automation, Garner, NC) were
mounted on the object as shown in Fig. 1. Center-to-
center distance between Nano 17-E transducers was fixed
at 30 mm, and the Nano 25-E transducer was mounted
directly opposite to the transducer for the middle finger.
The force transducers measured forces applied by fingers
and the thumb. Sandpaper (100C medium grit) was glued
on the surface of each transducer to increase the coef-
ficient of friction between the transducer and the digit.
Output signals from the transducers were collected using
the MotionMonitor software (Innovative Sports Training
Inc.) and sampled at 1000 Hz. Transducers were zeroed
while resting the object vertically on the table prior to the
start of each experimental session.

We recorded the position of the object in three-dimen-
sional space at 250 Hz using the a seven-camera (Vicon Vero
VE22-S) Vicon Motion Capture System (Vicon, Oxford,
UK) and four reflective markers attached to the object
(Fig. 1). The motion capture system was calibrated for each
participant and the tracking error was less than 1 mm inside
the capture volume.
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Experimental setup

Before the start of the experiment, participants cleaned the
digit tips of their right hand using alcohol wipes to normal-
ize the skin condition. Then, they sat upright on a piano
bench facing a computer screen and a square frame placed
on a table (Fig. 2a). The world co-ordinate system for quan-
tifying the movement kinematics was defined as shown in
Fig. 2a. The square frame was placed in front of the par-
ticipant at a distance equal to the participant’s arm length
measured from the acromion. The height of the frame was
adjusted so that the centroid of the frame coincided with the
participant’s right acromion. The length of each side of the
square frame was adjusted to 25% of the participant’s arm
length. A reference line was marked on the table along the
medio-lateral direction, half-way between the frame and the
participant. Participants were instructed to grasp the object
by placing their fingertips at the center of transducers and
to hold it stationary and vertically above this reference line
such that the object’s top surface coincided with the frame’s
bottom edge from their point of view. The participants were
then required to perform oscillatory movements along dif-
ferent directions in the frontal plane while maintaining the
object’s vertical orientation and position above the reference
line. Horizontal and vertical sides of the frame defined the
amplitude of the oscillations, and an auditory metronome

A

/— Computer screen

Square

/_ frame

25% arm length

\Reference line

(B) Potential jump positions on
the computer screen

Oscillation directions

l P \ l Ywithin the square frame
V. A ;
Movement | . R
direction cue l PRI EEN
3 v A

Computer screen

Fig.2 Experimental setup (a). Computer screen and the square frame
(b). The computer screen displayed a yellow rectangle at different
positions: north (shown in yellow), east (to the right), northwest (top
right corner), and northeast (top left corner). Corresponding oscilla-
tion directions are also shown
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set at three beats per second defined the frequency of the
oscillations. Participants were instructed to move the object
such that they were at the extreme position in the cycle at
each beat of the metronome. Therefore, the target oscillation
frequency was 1.5 Hz.

The computer screen provided visual cues in the form of
a yellow rectangle whose position indicated the direction
of oscillation (Fig. 2b). There were four possible positions
of the movement-direction cue (north, east, northwest, and
northeast), and four corresponding oscillation directions.
When the cue was in the north position, participants per-
formed vertical oscillations of the object between the top and
bottom edges of the square frame such that the top surface
of the object coincided with these edges from their point of
view. When the cue was in the east position, participants
performed horizontal oscillations of the object between the
side edges of the frame such that the vertical axis of the
object coincided with these edges. When the cue was in the
northwest position, participants performed oblique oscilla-
tions between the top-left corner and the bottom-right corner
of the frame such that the top surface of the object coincided
with these corners. Similarly, when the cue was in the north-
east position, participants performed oscillations along the
other diagonal of the square frame. The computer screen and
the frame were placed close to each other so that the cue on
the screen was within the participant’s peripheral vision and
they could focus on the frame during the oscillations.

Experimental procedure

All participants performed five types of experimental tasks
with six trials per task. Each trial began with the participant
holding the object stationary over the reference line. After
2 s, the movement-direction cue appeared on the screen,
and participants began oscillatory movements. All 30 trials
began with vertical oscillation of the object.

In the steady task, the cue appeared in the north position
on the screen and did not change its position for the dura-
tion of the trial. Therefore, the participants performed only
vertical oscillations. Each trial lasted for 15 s.

There were three reaction-time tasks in which the par-
ticipants were required to change the oscillation direction in
response to a jump in the cue position on the screen. The size
of the response set varied across the three tasks, and each
trial had multiple changes in cue position. In the 1-choice
task, the cue switched between the north and the east posi-
tion, staying at each location for a variable duration. Thus,
the size of the response set was one (a simple reaction-time
task). In the 2-choice task, the cue switched between north,
east, and northwest positions randomly, staying at each loca-
tion for variable durations. Therefore, the cue could switch to
two possible positions at any time. In the 3-choice task, the
cue switched between north, east, northwest, and northeast
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positions randomly, staying at each location for a variable
duration. Hence, the cue could switch to three possible posi-
tions at any time. Each reaction-time task contained five to
six changes in oscillation direction and lasted 25 s.

Finally, in the self-paced task, the cue first appeared in
the north position. Nine seconds later, it moved to the east
position and remained there till the completion of the trial.
Before jumping to the east position, two short audio beeps at
the seventh and ninth seconds cued the participant to change
the oscillation direction from vertical to horizontal. Partici-
pants were instructed to change the direction of oscillation
at a self-selected pace and not as quickly as possible. Each
trial lasted 18 s.

All five tasks were block randomized across participants.
We designed six unique target sequences for each reaction-
time task. The order of administration of these sequences
was randomized within each block. Three out of the six
sequences contained an initial vertical oscillation period
between 7 and 9 s. A portion of the participants’ behavior
during this initial period was utilized for data analysis. The
other three sequences contained a shorter vertical oscillation
period between 3 and 6 s. This minimized the possibility that
the participants guessed the first switch in the target location.
Since the period of vertical oscillation was shorter, the data
from these three trials was not utilized for analysis.

It is critical to note that, prior to the start of each experi-
mental block, the participants were informed about the
nature of the task, i.e., whether the oscillation direction will
change, and the size of the response set if it did. This is the
way we manipulate the participant’s anticipation regarding
the required transitory behavior. Participants performed six
to eight practice trials before the start of data collection.
Each practice trial started with vertical oscillation of the
object, included transitions between oscillation directions,
included oscillations in all directions and lasted 15 s each.
The target sequences used for practice were different from
those used in the experimental tasks.

Participants rested for 30 s between trials, and additional
rest periods were provided if participants felt fatigue in their
arm or digits. Furthermore, participants were encouraged
to ask for additional rest whenever required. None of our
participant requested additional rest, and none of the par-
ticipants reported fatigue during the protocol.

Data analysis

MATLAB programs were written for data analysis (R2017a
The MathWorks Inc). We analyzed the data from 21 tri-
als: six trials from the steady task and the self-paced tasks
each, and three trials from each of the three reaction-time
tasks for each participant. Recall that three of the six tri-
als for each reaction-time task were sham trials since the
movement transition was elicited early, therefore, these
were not analyzed. All finger-force data and kinematic data
were low-pass filtered at a cutoff frequency of 10 Hz using
a fourth-order, zero-lag Butterworth filter. For the steady
task, we analyzed data from the 4th second to the 9th sec-
ond after the start of the trial (Fig. 3a), since this window
coincided roughly with the analysis windows selected for
all other task types. For reaction-time tasks, we analyzed
five seconds of data immediately preceding the first switch
in the target location (Fig. 3b). For the self-paced task, we
analyzed five seconds of data before the first beep (Fig. 3c¢).
We selected data during this epoch for the self-paced task
since our hypotheses pertain to behavior changes in response
to the experimenter’s instruction at the start of the experi-
mental block, and we are interested in the behavior prior to
the initiation of a transition. The data analysis involved (1)
digit force and load force computations, (2) grip force and
load force linear cross-correlation analysis, and (3) cross
recurrence quantification analysis between (a) grip force and
load force, and (b) thumb normal force and virtual finger
normal force. Recall that the virtual finger is an imaginary
finger that produces force and moment equal to the resultant
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121 window
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Fig.3 Thumb normal force of a representative subject for the steady task (a), 3-choice reaction-time task (b), and self-paced task (c¢). The time

windows isolated for analyses are shown as shaded rectangles
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of forces and moments produced by all fingers (Arbib et al.
1985).

Digit force and load force computations

We computed grip force, load force, and virtual finger nor-
mal force from the filtered force sensor readings. Grip force
was defined as the summation of the thumb and the virtual
finger normal force absolute values during vertical oscil-
lations (Slota et al. 2011). The object orientation changed
minimally during vertical oscillation. Therefore, the verti-
cal tangential force expressed in the sensor-fixed coordinate
frame for each digit was summed to obtain the load force.
The load force is the weight of the object plus mass times its
vertical acceleration. The thumb normal force was directly
available from the sensor and the virtual finger normal force
was the summation of normal forces of index, middle, ring,
and little fingers.

Correlational analyses

Linear cross-correlation analysis was performed to deter-
mine the correlation at zero lag (Gao et al. 2005), the maxi-
mum (max) cross correlation, and the lag (Flanagan and
Tresilian 1994; Blank et al. 2001) between the grip and the
load force and between the thumb and virtual finger nor-
mal forces. The value of the two correlations quantify the
strength or stability of coupling between the force pairs, with
higher values indicating stronger coupling.

Cross recurrence quantification analysis

In contrast to the traditional view, recent work shows that the
grip—load coupling is intermittent if the load force changes
during the manipulation are small (Grover et al. 2018), or
when the movement is highly predictable (Grover et al.
2019). These observations were obtained using non-linear
time series analyses that provide a comprehensive assess-
ment of the time-varying properties of the coupling. Such
information may be missed by linear correlational analyses.
Therefore, to quantify the strength or stability of the two
force couplings, we employed cross recurrence quantifica-
tion analysis (CRQA), a type of nonlinear time series analy-
sis for investigating the recurrent behavior of two processes.
This analysis describes how the interaction between the two
processes evolves over time by quantifying how they visit
common locations in a reconstructed phase space (Webber
and Zbilut 1994; Marwan and Kurths 2002).

CRQA proceeds in three steps. First, both time series
are represented in a reconstructed phase space. Second, a
cross-recurrence plot is constructed that identifies the loca-
tions where the two phase-space trajectories are within a
pre-defined distance ‘R’ from each other. Finally, output
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measures are computed from the cross-recurrence plot.
Three input parameters—the embedding dimension (m),
time delay (7) and radius (R)—must be identified to con-
duct this analysis. We identified embedding dimension using
the recommendations of (Abarbanel et al. 1993), time delay
based on the recommendations of (Hasson et al. 2008), and
radius based on the recommendations of (Zbilut et al. 2002).
Table 1 provides the values used in this paper. The maxi-
mum normalized distance was used to measure proximity
between points in the phase space, and a line segment was
defined by three or more consecutive points in the cross
recurrence plot.

Our preliminary analysis revealed high frequency of diag-
onal line structures in the cross-recurrence plots. If recurrent
states, i.e., instants when the two processes occupy the same
locations in the phase space, form a diagonal line in the
cross-recurrence plot, it indicates that the two trajectories
evolve similarly. We also observed that our force time series
were smooth and regular (cf. Figs. 3, 4). These data yielded
smooth phase-space trajectories, which precluded the use
of common metrics based on the diagonal line structures—
maximum and average diagonal line lengths and determin-
ism—since they are considered unreliable (Marwan 2011).
For such data, the entropy obtained from the histograms of
the lengths of diagonal lines is a reliable measure for iden-
tifying the proximity of the system to a transition between
deterministic (regular) and chaotic behaviors (Marwan
2011). In a tightly coupled (deterministic) system, the two
processes co-evolve consistently. This yields diagonal line
segments of uniform lengths, and therefore, low entropy in
the corresponding histogram. Conversely, if the two pro-
cesses are decoupled, the diagonal line lengths become more
variable, and the corresponding histogram yields a higher
entropy value. Therefore, the hypothesized decline in the
coupling strength in our force signals will be reflected as
higher entropy.

Finally, CRQA output measures show some sensitivity
to the choice of the input parameters. Therefore, we calcu-
lated entropy for a range of input parameter values (4 <m<6
and 0.3 <R <0.8). For each value of m, the value of 7 was
obtained by following the recommendation of (Hasson et al.
2008). Our initial analysis indicated that entropy was robust
to variations in z, so we limited the scope of our sensitivity

Table 1 CRQA input parameters

Embedding Time delay () Radius (R)
dimension
(m)
Grip force—load force 5 72 0.4
analysis
Thumb-virtual finger 5 71 0.3

normal force analysis
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analysis to variations in m and R. However, given the smooth
nature of our phase-space trajectories, the minimum number
of points that define a diagonal line segment was altered
(between two and nine) and the sensitivity of the entropy
measure to this parameter was also explored (Marwan 2011).

Statistics

Data are means + SE, unless mentioned otherwise. We com-
puted all output variables (correlation at zero lag, max cross
correlation, lag and entropy) for each trial of each task and
then averaged the output measures across the trials for each
task type. The correlation at zero lag and max cross correla-
tion values were z transformed to meet the requirement for
normality. However, non-transformed values are presented
in the Results section. The correlation at zero lag, max cross
correlation and lag values for each task type were subjected
to one-sample ¢ tests to determine if they were significantly
different from zero. We tested our hypotheses by subject-
ing all output measures (except lag) to separate one-way,
repeated-measures ANOVA with factor task type (five lev-
els). Mauchly’s sphericity tests were performed to verify the
validity of using repeated-measures ANOVA. The Green-
house—Geisser adjustment to the degrees of freedom was
applied whenever departure from sphericity was observed.
Significant effects of ANOVA were further explored using
pairwise comparisons with Bonferroni corrections. All pos-
sible pairwise comparisons were conducted. All statistics
were performed using an a-level of 0.05 and with SPSS sta-
tistical software (Version 24, IBM Corp.).

Results
Basic performance parameters
To characterize the overall performance of the task, we

computed the amplitude of vertical movements, angular
excursion of the object, the movement of the object in the

Time (s)

horizontal plane and the oscillation frequency within the
analysis windows (Fig. 3). These movement characteristics
were consistent, indicating that the participants accom-
plished the task well. The across-participant mean (+ SE) of
the standard deviation of the amplitudes were 1.1 +0.1 cm,
1.0+0.2cm, 0.9+0.1 cm, 0.8 +0.3 cm, and 1.0+0.1 cm for
the steady, 1-, 2-, and 3-choice reaction-time tasks and the
self-paced task, respectively. The standard deviation of the
angular excursion of the object was 5.9°+0.8°, 5.3° +0.6°,
6.5°+0.7°,5.8°+0.6°, and 6.0° + 0.8° for the various tasks.
The standard deviation of the horizontal movement of the
object was 1.56+£0.3 cm, 1.89+0.3 cm, 2.17+0.4 cm,
1.86+0.3 cm, and 1.84 +0.3 cm, for the various tasks.

The oscillation frequencies were also consistent across
participants: 1.55+0.04 Hz, 1.57+0.04 Hz, 1.55+0.1 Hz,
1.55+0.03 Hz, and 1.55+0.05 Hz for the various tasks.
One-sample ¢ tests indicated that the observed frequencies
were not significantly different from the target frequency of
1.5 Hz for any task (p > 0.05).

Linear correlational analysis of coupling

Figure 4 shows the time series for grip force and load force
and thumb and virtual finger normal forces within the analy-
sis window for a representative participant and for one trial
for the steady task. Qualitatively, grip force changes continu-
ously and in parallel to load force, consistent with the clas-
sical grip—load coupling (Fig. 4a). The normal forces also
change continuously and in phase (Fig. 4b). Similar behavior
for both pairs of forces was observed consistently during the
vertical oscillations for all task types.

To contextualize our findings within the literature, we
performed traditional assessments of the coupling between
grip and load forces and between the thumb and virtual fin-
ger forces (Fig. 5). Grip force changed proportionally with
load force as indicated by significant positive correlations
for all task types (p <0.01, one-sample ¢ tests). Furthermore,
grip—load changes occurred with minimal lag (p > 0.05 for
one-sample ¢ test, test value =0 ms; Fig. 5b). We obtained
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Fig.5 Mean+ SE of the linear
correlation coefficients, lag and
the entropy for the grip-force—
load-force coupling and the
coupling between the thumb
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identical results for the thumb and virtual finger force time
series. These forces also change proportionally with minimal
lag. The lag here was significantly different from zero for
all task types (p <0.05), except the 3-choice reaction-time
task (p =0.058). However, the magnitude of the lag is small
(<5 ms; Fig. Se).

For the grip—load analysis, a main effect of task type
was observed for the correlation at zero lag (F4 76,= 3.66;
p<0.01; np2 =0.16) as well as the max correlation
(Fl476)=2.54; p<0.05; np2 =0.12). Both correlations for

@ Springer

the 2-choice reaction-time task were lower compared to
the self-paced task (Fig. 5a). For the thumb-virtual finger
analysis, task type did not influence the correlation at zero
lag (F(4’76) =1.02; p=0.4; np2=0.05) or the max cross cor-
relation (F 4 75)=0.89; p=0.46; n,>=0.04; Fig. 5d).

Cross recurrence quantification analysis

Cross recurrence plots for grip—load force data and
thumb-virtual finger force data for a representative trial of
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the steady task are shown in Fig. 6. Recurrence points form
diagonal lines in both the cross-recurrence plots. Such pat-
terns were consistently observed for both force pairs and for
all task types. There was an effect of task type on the entropy
for the grip and load force data (F475)=2.62; p=0.04;
np2=0.12). However, there were no significant pairwise
differences (Fig. 5c). There was also an effect of task type
on the entropy for the thumb and virtual finger force data
(F2.63.49.90)=3-94; p=0.02; npz =0.17). The entropy for the
1-, 3-choice reaction-time tasks and the self-paced task were
all significantly greater than that for the steady task (Fig. 5f).

Discussion

The objective of the present work was to evaluate if the
stability of digit force patterns, as reflected in the strength
of the couplings between the grip force and load force and
between the thumb and the virtual finger normal forces, is
reduced to facilitate anticipated transitions in the direction of
oscillation of a hand-held object. Such a reduction in stabil-
ity would suggest that the stability—maneuverability tradeoff
occurs in human prehensile behavior.

The data did not support our first hypothesis: the antici-
pated change in the direction of oscillation of the hand-held
object did not lead to consistent changes in the stability of
the grip—load coupling. In contrast, anticipated change in
oscillation direction weakened the coupling between the
thumb and the virtual finger normal forces, supporting our
second hypothesis. Hypothesis 3 was not supported by our
data: increasing the difficulty of the task by increasing the
possible number of directions in which the transition could

occur (in the 1-, 2-, and 3-choice reaction-time tasks) did
not change the stability of the two couplings. Finally, the
grip—load coupling was lower for one of the reaction-time
tasks compared to the self-paced task, partially supporting
hypothesis four. We discuss these findings below.

The grip-force-load-force coupling

The grip—load coupling may be robust to anticipated changes
in object manipulation patterns. Specifically, there were no
differences in the linear correlational measures or entropy
between the steady task and any of the reaction-time or
self-paced tasks (Fig. 5a, c). Therefore, either the stabil-
ity—maneuverability tradeoff does not occur for this cou-
pling, or the tradeoff occurs, but it was not detectable with
our protocol. The grip—load coupling strength may have
been maintained due to safety concerns regarding object slip.
Grover and colleagues have argued that the grip—load cou-
pling becomes intermittent when the fluctuations in the load
force are unlikely to cause the object to slip (Grover et al.
2018, 2019). The object used in this study was heavier than
that used by Grover and colleagues. This may have imposed
large inertial loads for the given oscillation frequency, and
concerns regarding object slip may have prevented antici-
patory reduction of the grip—load coupling. Alternatively,
our finding is consistent with the findings of Nashed et al.
(2017) who demonstrated that while reaching to a target with
a grasped object in uncertain conditions (target location may
change after initiation of the reach), the chosen reach direc-
tion is towards an average target location, but the grip force
compensates for the anticipated loads associated with the
average reach direction, and not for the average of the loads
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associated with the various reach directions. This suggest
that any uncertainty in the upcoming movements is restricted
to the level of arm motion and does not influence the control
of grip force or the grip—load coupling. The tension between
these contrasting possibilities cannot be resolved without
further investigation. However, these possibilities should
be considered with caution, since we are interpreting a null
result.

The thumb-virtual finger normal force coupling

The stability-reduction aspect of the stability—maneuver-
ability tradeoff is evident in the thumb-virtual finger nor-
mal force coupling. We observed that the stability of this
coupling reduced when the participant expected to change
the oscillation direction in the near future. This destabiliza-
tion occurred whether or not the participant knew the timing
and/or direction of the upcoming change, i.e., whether they
performed a reaction-time task or the self-paced task. These
results are consistent with anticipatory synergy adjustments
(ASA) observed in isometric finger force production tasks.
There, the coupling between the pressing forces produced by
the four fingers reduced prior to a volitional rapid change in
the current force produced by the fingers. In particular, the
stability reduction occurred in reaction-time tasks (stage-1
ASA; Tillman and Ambike 2018a, b), and also in self-paced
tasks where participants knew the timing and the direction of
the upcoming force change (stage-2 ASA; Olafsdottir et al.
2005; Shim et al. 2005; Zhou et al. 2013).

CRQA was key to observing the change in the coupling
strength of the thumb and virtual finger normal forces. The
changes were evident in the entropy (Fig. 5f), but not in lin-
ear correlational measures (Fig. 5d). This is consistent with
the observations of (Grover et al. 2018, 2019) who identified
intermittency in grip—load coupling using CRQA. We note,
however, that although CRQA is an effective technique for
identifying time-varying characteristics of bivariate data, it
can be sensitive to the choice of the input parameters (m, ,
R, and the minimum number of points that define a diagonal
line). We computed entropy for a range of input parameter
values and found that our results were robust to changes in
m and the number of points that defined diagonal lines. The
entropy was sensitive to changes in R, however, suggesting
the need for replicating our findings.

Finally, other measures can assess the coupling strength
in bivariate time series. For example, the Hurst exponent,
Lyapunov exponent, Minkowski fractal dimension, and spec-
tral exponent can quantify the coupling between the force
pairs (Mandelbrot 1982; Kantz and Schreiber 1997; Marwan
and Kurths 2002). We chose CRQA to maintain consistency
with recent work that has begun the exploration of time-
varying properties of force couplings in human prehension
(Grover et al. 2018, 2019).
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Effect of task difficulty on coupling strength

We were interested in exploring whether the reduction in
coupling strength is a graded phenomenon. Hypotheses
3 and 4 tested the idea that the coupling strengths would
decreased as the difficulty of the upcoming transition
increased. This question has not been investigated in the
context of prehensile behavior, and our expectations were
consistent with the view that the nervous system optimizes
behavior based on probabilistic models of the task. We mod-
ulated the difficulty of the transitions by changing the size of
the response set across the reaction-time tasks and by chang-
ing the degree of uncertainty in the timing of the transition
across the reaction-time and self-paced tasks.

The evidence supporting graded destabilization of digit
force couplings is weak. We did not observe a systematic
effect of the size of the response set in the reaction-time
tasks on the stability of either coupling. A trend is evi-
dent in Fig. 5f, indicating a progressive weakening of the
thumb-virtual finger coupling as the number of choices in
the choice reaction-time task increased. However, the pair-
wise comparisons between the choice reaction-time tasks
were not significant. For the grip—load coupling, the correla-
tional measures for the 2-choice task were smaller than that
for the self-paced task (Fig. 5a). This result provides some
support for this idea. However, the evidence is weak, since
this is the only significant pairwise difference, and it is not
mirrored in the more sensitive entropy values. Nevertheless,
the trends in our data suggest that further investigations are
warranted.

Limitations

The main drawback of this work is that this experimental
paradigm does not allow a clear assessment of the gains in
reaction time due to anticipatory stability reduction. The
steady task has no reaction time measurement, and the reac-
tion times in the choice reaction-time tasks are expected to
increase with the size of the response set according to the
Hick—Hyman law (Hick 1952; Hyman 1953). Since cogni-
tive processes are responsible for this increase, the challenge
is to parse information-processing delays from putative gains
from mechanical stability reduction in the measured reac-
tion time.

We have restricted this initial work to investigating two
candidate force couplings that we thought were likely to
demonstrate changes in stability based on our earlier work
with isometric finger force production studies (Tillman
and Ambike 2018a, b), and on recent work demonstrating
intermittency in the grip—load coupling (Grover et al. 2018,
2019). However, the digit forces in a prismatic grasp operate
under additional constrains associated with object rotations
and linear accelerations in three spatial directions. This leads
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to other couplings in the various forces and free moments
exerted by the digits (Gorniak et al. 2009) that we have not
considered. Furthermore, we have explored preparation to
one type of transition: from vertical oscillation to non-ver-
tical oscillation. It is plausible that other types of transitions
(horizontal to non-horizontal or translational oscillations to
rotational oscillations, etc.) will also alter the stability of
various couplings.

Finally, our study may be underpowered, since a sig-
nificant effect of task type on the grip—load entropy was
present but no pair-wise comparison among the tasks was
significantly different. These issues remain the focus of our
future work.

Conclusion

In conclusion, the stability-reduction aspect of the stabil-
ity—maneuverability tradeoff occurs in human prehension;
the strength of the coupling between the opposing normal
forces exerted by the thumb and the virtual finger during the
vertical oscillation of an object weakened when a change in
the oscillation direction is expected. However, this effect
may not be evident in other kinetic variables involved in
prehension. In particular, the strength of the grip-force—load-
force coupling did not reduce when a change in oscilla-
tion direction was expected, suggesting that this coupling
may be robust to anticipated changes in manipulation pat-
terns. Alternatively, high inertial loads and safety concerns
regarding object slippage may have prevented reduction in
the strength of the grip—load coupling. Future work should
quantify whether the stability reduction that we observed
leads to improved maneuverability, and whether the stability
reduction is graded according to the difficulty of the manipu-
lation task.
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