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Abstract

Motor adaptation to novel dynamics occurs rapidly using sensed errors to update the current motor memory. This adaption is
strongly driven by proprioceptive and visual signals that indicate errors in the motor memory. Here, we extend this previous
work by investigating whether the presence of additional visual cues could increase the rate of motor adaptation, specifically
when the visual motion cue is congruent with the dynamics. Six groups of participants performed reaching movements while
grasping the handle of a robotic manipulandum. A visual cue (small red circle) was connected to the cursor (representing the
hand position) via a thin red bar. After a baseline, a unidirectional (3 groups) or bidirectional (3 groups) velocity-dependent force
field was applied during the reach. For each group, the movement of the red object relative to the cursor was either congruent
with the force field dynamics, incongruent with the force field dynamics, or constant (fixed distance from the cursor). Participants
adapted more to the unidirectional force fields than to the bidirectional force field groups. However, across both force fields,
groups in which the visual cues matched the type of force field (congruent visual cue) exhibited higher final adaptation level at
the end of learning than the control or incongruent conditions. In all groups, we observed that an additional congruent cue
assisted the formation of the motor memory of the external dynamics. We then demonstrate that a state estimation-based model
that integrates proprioceptive and visual information can successfully replicate the experimental data.

NEW & NOTEWORTHY We demonstrate that adaptation to novel dynamics is stronger when additional online visual cues that
are congruent with the dynamics are presented during adaptation, compared with either a constant or incongruent visual cue.
This effect was found regardless of whether a bidirectional or unidirectional velocity-dependent force field was presented to the
participants. We propose that this effect might arise through the inclusion of this additional visual cue information within the state
estimation process.

additional visual cues; force field adaptation; motor control; motor memory; state estimation

INTRODUCTION

Humans adapt to new environments and tasks by updat-
ing their motor memories to these changed conditions. Even
fundamentally novel environments can be learned by the
sensorimotor system through the incorporation of sensory
information (1). For example, visual or proprioceptive sen-
sory feedback can convey information regarding possible
errors or rewards that trigger changes to the motor plan.
Although it is clear that the motor system uses information
coming from these sensory channels to understand the
altered environment, especially when they carry essential or
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unique information, it is still unknown how additional and
perhaps redundant information might also affect the adapta-
tion of our motor memories.

It has long been clear that motor adaption to changes in
task dynamics is strongly driven by proprioceptive input (2).
There are many studies in which adaptation relies on pro-
prioceptive information without the need for additional vis-
ual feedback. Critically, visually impaired people can learn
new dynamics (2). Similarly, eliminating visual feedback
while experiencing external forces did not affect the speed or
amount of adaptation to these forces (3-5). We can also rap-
idly adapt our grip forces to objects’ weight (6, 7) or other
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generated load forces (8) without visual information regard-
ing the object. In all of these cases, in which the sensorimo-
tor system needs to rely on sensory inflow (reafference),
motor outflow (efference or efference copy), or a combina-
tion of the two, an estimate of the current state (e.g., position
and velocity) of the hand must be generated (9).

Although visual information is not essential for motor ad-
aptation, when present it may have a significant role in the
learning process. Previous studies showed the existence of
motor adaptation without the need for visual information
(2-4) while others showed that we can adapt our motor plans
based solely on visual feedback. For example, it has been
shown that participants moving in a force channel that elim-
inates any proprioceptive error can learn novel dynamics
only with visual position error feedback (10). Similar adapta-
tion was found in proprioceptive deafferented patients that
use visual information to adapt to external forces (11-13) or
visuomotor rotation (14). Moreover, these patients can use
visual information to some extent to appropriately adapt
their grip force and/or digit kinematics in object manipula-
tion tasks (15, 16). It can be claimed that visual information
triggers a more conscious strategy of adaptation (17), which
works only in specific cases (18, 19).

Contextually relevant visual cues, such as differences in
color, have been used to anticipate impending dynamics
(18-22) with varying results. Although color cues appear to
be effective for facilitation and switching in simple tasks
such as movements in one direction (19-21), they do not
allow adaptation in more complex tasks such as move-
ments in multiple directions (18, 19). The distinction
appears to arise due to the ability of color cues to be used
for explicit (strategy-based) adaptation (19) that do not
work in more complex tasks. In contrast, other contextu-
ally relevant visual cues such as direction of visual motion
(18), lead-in movement direction (23, 24), or visual direc-
tion of movement (25) allow predictive switching between
two different dynamics.

Adaptation requires accurate estimates of internal states.
To produce these, it is likely that the nervous system makes
favorable use of all sensory modalities at its disposal. Indeed,
it is widely believed that internal representations normally
rely on the statistically optimal integration of different types
of sensory feedback (26, 27), although other mechanisms,
such as divisive normalization (28), were suggested to
explain sensory integration phenomena that cannot be
explained by optimal integration. For reaching movements
in particular, vision and proprioception are weighted differ-
ently based on their direction-dependent precision (29).
Moreover, in the context of implicit motor adaptation, visual
feedback can even lead to an appropriate modulation of
muscle proprioceptive feedback itself (30, 31). In short, visual
feedback can play an important role in motor adaptation.

Although visual feedback is not essential for motor
learning, there is some evidence that it can affect the
learning rate. Vision, combined with proprioceptive in-
formation, can improve the estimation regarding changes
in the environment. The upgraded estimation can allow
for faster learning as we can predict the perturbation in
following movements. For example, in tasks involving
visual shift of the hand spatial position, participants learn
the perturbation slower when the visual information
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regarding hand position was blurry compared with sharp
(32, 33). This example demonstrates that visual informa-
tion affects the uncertainty that we have regarding the
observed information and change our ability to modify
the internal representation of the environment.

Here, we further investigate the role of visual cues on
the sensorimotor control system during adaptation to con-
sistent (nonswitching) dynamics. In contrast with previ-
ous studies that tested the effect of arbitrary (34) or
distorted visual cues (5), we contrasted the effect of pro-
viding congruent (potentially meaningful) versus incon-
gruent visual cues. We assessed how the existence of
additional visual cues could affect the speed of adaptation
to different force field types of varying complexity (unidir-
ectional and bidirectional). Importantly, we tested two dif-
ferent force fields and two visual cues such that we can
determine whether it is the specific type of visual cue or
the congruent nature of the cue that drives any specific
difference in adaptation. Specifically, we tested if a visual
cue that is congruent or incongruent with the experienced
forces affects the learning of novel force field dynamics.
We hypothesized that congruent visual cues would speed
adaptation regardless of the complexity of the force field
as it provides an additional visual cue consistent with the
proprioceptive information and underlying force field
dynamics.

MATERIALS AND METHODS
Participants

Sixty neurologically healthy, right-handed (35) human par-
ticipants (34 males and 26 females) took part in the experi-
ment (mean age of 24.3 5.5 yr). All participants were naive as
to the purpose of the study and gave their written informed
consent before participating. Each participant participated in
one experimental session of ~45 min each and was randomly
assigned to one of the six conditions. The institutional ethics
committee at the University of Cambridge approved the
study.

Experimental Apparatus and Setup

Participants were firmly strapped into an adjustable
chair in front of a robotic rig (Fig. 14). They made reaching
movements with their right arm in the horizontal plane at
~10 cm below their shoulder level while the forearm was
supported against gravity with an air sled. Participants
grasped the handle of a vBOT robotic interface, which was
used to generate the environmental dynamics. The vBOT
manipulandum is a custom-built planar robotic interface
that can measure the position of the handle and generates
forces on the hand (36). A six-axis force transducer (ATI
Nano 25; ATI Industrial Automation) measures the end-
point forces applied by the participant at the handle. The
position of the vBOT handle was calculated from joint-
position sensors (58SA; IED) on the motor axes. Position
and force data were sampled at 1 kHz. Visual feedback was
provided using a computer monitor mounted above the
vBOT and projected into the plane of the movement via a
mirror. This virtual reality system covers the manipula-
ndum, arm, and hand of the participant, which obscures
the location of the arm from their view.
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Figure 1. Experimental setup. A: participants were seated and grasped the handle of a robotic manipulandum with their right hand. Visual feedback
about the task and the location of their hand was provided through a monitor reflected by a mirror such that it appeared in the plane of movement. The
arm was supported by an airsled on a table. B: two types of force fields were applied during an exposure phase. Three groups of participants performed
movements within a unidirectional velocity-dependent force field (left). Three other groups of participants performed movements in a bidirectional veloc-
ity-dependent force field in which the sign of the forces switched halfway through the movement (right). C: visual cues presented during movements
depending on the group. Each of three groups for each force field was provided with a different visual cue during the movements. This visual cue was ei-
ther constant (/eft), unidirectional (middle), or bidirectional (right). The diagram shows the visual feedback presented at different points (times) in the
movement if participants made a straight movement between the targets during the exposure phase. In the preexposure and postexposure phases, all
groups were presented with the constant cue. D: six groups of participants performed the experiments with all possible combinations of visual cue type
and force field type resulting in a control group, congruent group, and incongruent group for each force field type.

Experimental Paradigm

Participants made alternating forward and backward
point-to-point reaching movements between two targets.
The participant initiated each trial by moving the cursor
(yellow circle of 0.5 cm radius representing the partici-
pant’s hand position) into the start circle (gray circle of 0.7
cm radius which became white once participants had
moved the cursor into the start circle). A small red circle
(radius 0.3 cm) was visually attached to the end of the cur-
sor via a thin red bar. This visual cue was located 2 cm
directly in front of the cursor (in the direction of move-
ment) when participants were at rest but varied depending
on the experimental condition. The start circle, target
circle, and cursor were shown from the beginning of each
trial. Once participants had maintained the cursor within
the start circle for 1 s, a tone signaled to the participant to
initiate a movement to a white target circle (radius 0.8 cm)
located 25.0 cm away. On each trial, participants were
required to reach the target within an allocated time win-
dow to subsequently maintain the cursor within the target
for 400 ms before the trial was determined to be finished.
Visual feedback was then provided about the success of
the previous trial. A trial was considered successful if par-
ticipants did not overshoot the target, and the duration
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of the movement (between exiting the start and entering
the target) was between 625 and 775 ms. On successful trials,
the participants received positive feedback. Specifically, if the
movement duration was between 662.5 and 737.5 ms, “great”
was presented visually on the monitor, otherwise “good” was
presented. In both cases, a point counter increased by one. In
the case of an unsuccessful trial, other messages were pro-
vided visually at the end of each trial to inform the partici-
pants of their performance (either “too fast,” “too slow,”
or “overshot target”). All visual messages were presented
for 500 ms, except for the point counter which was con-
tinuously presented. All trials were analyzed regardless
of their success. Undershooting the target was not specif-
ically penalized as this generally would extend the dura-
tion of the movement (which requires entering the
target) and therefore the duration would no longer be
successful.

Participants were provided with rest breaks every 200 tri-
als. In the absence of any specific intervention by the partici-
pants, trials immediately followed after the previous trial
(minimum 1.9 s time between movements: 400 ms hold
phase in the target + 500 ms intertrial interval + 1.0 s wait-
ing in the start circle). However, participants were also able
to take additional rest breaks at any point in time by moving
the cursor out of the starting circle.
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Protocol

Participants were randomly assigned to one of six groups
(n = 10). Participants performed alternating forward and
backward reaching movements in three phases of the experi-
ment: preexposure (10 blocks), exposure (30 blocks), and
postexposure (5 blocks). Blocks consisted of 12 movements (6
forward and 6 backward reaches) such that each participant
performed 540 movements in total. These 12 movements
consisted of 10 movements in the environmental dynamics
(null field or force field) and 2 movements in a mechanical
channel (1 in each direction of movement), which were posi-
tioned randomly within the 12 trials. The mechanical chan-
nel (37, 38) was implemented as a mechanical channel
resisting lateral motion with a spring constant of 5,000 N/m
and a damping coefficient of 2 Ns/m. Both the preexposure
and postexposure phases were performed in the null field.

All groups experienced a velocity-dependent force field
during the exposure phase. This force field was a curl force
field scaled by a value k, which varied throughout the move-
ment as a function of the distance d between the start and

target position:
F.| [0 1][x
HRIETIH g

Three of the groups experienced a unidirectional velocity-
dependent force field during the exposure phase (Fig. 1B,
left). In the unidirectional force field, the value k varied as:

L (2.]7;12) B (5.;%;!3) N (2.;414) @

where 0 < d < [ and the length of movement [ = 25.

The other three groups were presented with a bidirec-
tional velocity-dependent force field during the exposure
phase (Fig. 1B, right) where k was defined as:

<) 0F) () e

The direction of the force field was varied for half of the
participants in each group by changing the sign of k. These
two force fields were selected to match the two types of vis-
ual cues that were presented, such that the cues could either
match the force field (congruent) or not match the force field
(incongruent).

Each group was presented with a visual cue throughout the
experiment (Fig. 1C). The visual cue was a red circle that was
connected by a thin red line to the cursor. For one of the uni-
directional field groups and one of the bidirectional field
groups, the location of the red circle was located x = 0, y = 2
cm relative to the cursor (constant cue). That is, for forward
movements, it was located at y = +2 cm, whereas for back-
ward movements it was located at y = —2 cm. For the other
four groups (two unidirectional and two bidirectional), the
visual cue was located x = k, y = +2 cm relative to the cursor,
where k was defined using either Eq. 2 or Eq. 3. Specifically,
for the two unidirectional force field groups, this visual cue
could either be also unidirectional (congruent cue) or bidirec-
tional (incongruent cue). Similarly, for the bidirectional force
field, the cue was either unidirectional (incongruent) or bidir-
ectional (congruent). The six different conditions (force field
and visual cue) can be seen in a video (Supplemental Video S1
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https://doi.org/10.6084/m?9.figshare.22843799). For all groups,
the value k was set to zero during the preexposure and postex-
posure trials. This meant that during null field movements,
the visual cue was always located 2 cm away from the cursor
for all six groups. Overall, six groups of participants combined
all possible combinations of visual cue type and force field
type resulting in a control group, congruent group, and incon-
gruent group for each force field type (Fig. 1D).

Analysis

The data were analyzed using Matlab R2019a. Force and
kinematic data were low-band pass filtered with a fifth-
order, zero phase-lag Butterworth filter with a 40-Hz cutoff.
Individual trials were aligned on movement onset. For each
trial, we calculated measures of kinematic error or force
compensation between 200 ms before leaving the start posi-
tion until 200 ms after entering the target position.

For each nonchannel trial, the absolute maximum perpen-
dicular error (MPE) was calculated and used as a measure of
the kinematic error. The MPE is the absolute maximum per-
pendicular distance between the hand trajectory and the
straight line between the start and end targets. As this mea-
sure only assesses a single point in the trajectory, we also cal-
culate the absolute hand path error (39) that reflects the sum
of the absolute distance away from the straight-line trajec-
tory throughout the entire movement. Specifically, this was
calculated between the start and target positions as:

I

J (O)]13(0) e

1=ty

The absolute hand path error was calculated from the start
of the movement, to (200 ms before exiting the start circle) to
the end of the movement, t¢ (200 ms after entering the target
circle).

To assess feedforward learning independent of co-contrac-
tion, we analyzed the force compensation to the force field
produced on channel trials (40). Force compensation is cal-
culated by the regression between the force produced by par-
ticipants into the wall of the simulated channel (lateral
measured force) and the force needed to compensate exactly
for the force field. Here, the perfect compensatory endpoint
force is determined on each trial using the forward velocity
on each trial, and the magnitude of the force field k as calcu-
lated by Egs. 2 and 3. Here, values in the null force field
before learning (preexposure phase) should be close to zero.

We performed hypothesis-based planned comparisons
and consider significance at the P < 0.05 level for all statisti-
cal tests. ANOVAs were examined in JASP 0.17.1. For both
the maximum perpendicular error, absolute hand path error,
and the force compensation values, we performed an
ANOVA with the main factors of force field (2 levels: unidir-
ectional and bidirectional) and condition (3 levels: constant,
congruent, and incongruent) on the final levels at the end of
adaptation (final 10 blocks). Where applicable we perform
post hoc comparisons (Tukey).

To examine differences in the time constant of adaptation
and final asymptote, we fit an exponential function to the
force compensation for each trial throughout the adaptation
phase of the experiment. To generate confidence intervals
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for our parameter estimates, we performed block bootstrap-
ping in which we left out each possible set of two partici-
pants from each group and fitted the remaining eight. We
used the distribution of parameters across these 45 fits to
estimate the confidence limits. To test whether each parame-
ter varied between the two groups, we generated all possible
differences in each parameter from our bootstrap to generate
a new bootstrap sample (45 x 45 samples). This commonly
used technique (19, 41) is used as a single participant’s data
are often too noisy to obtain an accurate estimate of the
learning parameters. Differences in the magnitude and
speed of learning were contrasted only across the same force
fields.

Model

To interpret these results, we suggest a framework in which
the force field adaptation is based on estimating the scaling
factor k using a state estimator. The state estimator integrates
proprioceptive and the visual representation of the forces to
estimate the nature of the dependency of the scaling factor on
the hand position while reducing the effect of any sensory
noise. To simplify the problem, we suggest that the state esti-
mator needs to estimate the coefficients of the polynomials
describing the scaling factor. That is, for the unidirectional
velocity-dependent force field, the state estimator needs
to estimate the values Cyn; = [2.7, —5.4, 2.7]%, and for the
bidirectional velocity-dependent force field, the values
Cpi = [5.4, —16.2, 10.2]". The observation, which is the
input to the state estimator, includes proprioceptive and
visual information about the scaling factor depending on
the experimental condition. For the constant visual infor-
mation conditions, which served as the control conditions,
we did not provide the model with additional visual infor-
mation about the force magnitude. In these conditions,
the visual information given to the participants was a
shifted version of their hand position and thus did not
convey any information regarding the force magnitude.
The mathematical formulation of the observation across
all conditions was represented as:

Y = (0T 4 g (4)

where y™ is the observations on the n-th trial, x'™ is a vector
representing the position dependency of the scaling factor,

dmz g3 g4
{ 2 & 4
dm  gmz  gm3
2 B A
case. £" represents random additive noise with normal dis-
tribution, £ ~N(0,R) where R represents the variance-co-
variance noise matrix. The R matrix was set as a diagonal
matrix with values of 0.1 on the diagonal. Thus, we assume
the same level of noise for both proprioceptive and visual
sensory modalities.

We implemented the state estimator as a Kalman filter (42).
We initiate the system with an initial coefficients estimation,
in this case, since the force field was turned on without any
prior notice, we set the values to zero, ¢ =10,0,0] and
noise added to proprioceptive or visual 1nformat10n as
Gaussian noise with zero mean and 0.1 variance. Between ex-
perimental conditions, we varied the initial uncertainty

that is, x = for the unidirectional

uni

case and xé'l.l) = { } for the bidirectional
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regarding the estimation. That is p119 was a diagonal matrix
with different values between conditions. For the control con-
dition and congruent condition, we set the uncertainty values
to 5 and 10, respectively, for both the unidirectional and bidir-
ectional force field. This means that for the congruent condi-
tion, since both the visual and proprioceptive modalities are
providing the same information, the initial estimation of
a null force field is more uncertain than for the control
condition in which the information is providing only via a
single information modality. In this case of higher uncer-
tainty, the initial estimation is rapidly replaced with a
more certain estimation. For the incongruent conditions,
we set the initial uncertainty to 1.5 and 1 for the unidirec-
tional and bidirectional force fields, respectively. In the
case of incongruent visual information, we assume that
the visual information is reducing the uncertainty regard-
ing the initial estimation since the visual and propriocep-
tive information are not aligned, which requires gathering
more information so to update the estimation. In this
case, the rate of adaptation will be slower than the learn-
ing rate in the congruent condition, or both the congruent
and control conditions. To update the estimation, we
used the Kalman algorithm.

n nln—1) .(n n nln— n -1
k}): (1) (n) . ()T plaln=1) ) 4 R)

nln) _ (= 1) + k( (yn) — x(nTalrin=1)) (5)

/1\»1 ( > (n|n=1)

For each trial, the observation included four different
points along the trajectory which were chosen randomly.
Based on these four points, we updated the coefficients
estimation using the Kalman filter gains ky Changing the
number of points which are used in each trial affects the
number of trials needed for the estimations to converge
but not the nature of the estimation process. That is,
reducing the number of points used in each trial will
increase the number of trials needed and vice versa. Based
on the estimated coefficients, we estimated the scaling fac-
tor, k = xT¢, for each trial using 250 equally spaced points
along the movement path and calculated the mean square
error between it and the scaling factor that was used in
each experimental condition.

250 ( >2 250
~ 250 Z 250 Z ©)

We run 10 simulations for each condition same as the
number of participants in each experimental group.

o

MSE(n

RESULTS

Six groups of participants performed alternating forward
and backward discrete movements of the arm between two
targets, with a small red circle (visual cue) connected to the
cursor. After initial movements in a null field, either a uni-
directional (3 groups) or bidirectional (3 groups) velocity-de-
pendent force field was applied during the movements. In
each force field, the three groups were presented with the
visual cue representing the force field (congruent cue), repre-
senting a different force field (incongruent cue), or unaf-
fected (constant cue). Finally, the force field was removed
(null field) and the visual cue was constant in all groups.
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Measures of Adaptation

In the preexposure phase, all six groups of participants
performed relatively straight movements to the targets with
little lateral kinematic error (Fig. 2, A and C). As the partici-
pants were exposed to the force fields (exposure phase), the
kinematic errors increased initially but reduced with further
experience in the force fields. The initial MPE upon exposure
to the force field (first 10 trials) was not significantly different
across field type (F;54=0.179; P = 0.674; n?=0.003), condi-
tion (Fhs,=2.127; P = 0.29; n?>=0.072), or interaction
between force field and condition (F,s4=0.222; P = 0.802;
n?=0.008). Several major effects are visible in the data.
First, there are clear differences in the reduction of kine-
matic error between the two force fields (unidirectional
reduces error further than bidirectional). Second, for both
force fields, it appears that the congruent groups (yellow and
green) learn slightly better (stronger reduction in MPE) than

A Bidirectional B
4t 4
M ()
= = . +
53} : B 1
m | w ]
S 20 L2
1 N \ 1 ’
0 0
0 100 200 300 400 500 > &
Trials 0&« & F
SO
O° L
N
C 5 Unidirectional D s
4
5§31 .
w .
o
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| Bk
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\0

Figure 2. Kinematic error during adaptation. A: absolute maximum per-
pendicular kinematic error throughout the experiment in the bidirectional
force fields for the control (dark blue), congruent (yellow), and incongruent
(red) groups. The mean (solid line) and standard deviation of the mean
(shaded regions) across participants for each block in the experiments is
shown. Shaded gray region indicates the period of force field exposure. B:
final levels of absolute maximum perpendicular error (MPE) at the end of
the exposure phase (last 10 blocks). Error bars are standard error of the
mean, and individual points represent individual participants with the color
indicating the direction of the force field (light gray circles: positive k; dark
gray diamonds: negative k). C: absolute maximum perpendicular kine-
matic error in the unidirectional force fields for the control (purple), congru-
ent (green), and incongruent (light blue) groups. D: final levels of absolute
maximum perpendicular error at the end of the exposure phase (last 10
blocks).
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either the control (dark blue or purple) or incongruent (red
and light blue) groups. The final level of MPE (last 10 blocks,
Fig. 2, B and D) was examined with an ANOVA with main
factors of force field (2 levels) and condition (3 levels). There
was a main effect of force field (Fys4=61.574; P < 0.001;
n?=0.5), but the main effect of condition failed to reach sig-
nificance (F, 54 =2.999; P = 0.058; n* = 0.049), and there was
no interaction effect (F,s54=0.831; P = 0.441; n%=0.013).
Therefore, there is a strong effect of the force field on the
reduction of the kinematic error during adaptation, but no
clear evidence for differences across the three conditions.
Finally, we examined whether the aftereffects (first 10 trials
upon removal of the force field) were different across the
conditions. As expected, there was an effect of force field
(F154=162.017; P < 0.001; n?=0.522), but we found no effect
of condition (F,54=0.608; P = 0.548; n%=0.010) or of an
interaction effect (F,s54=0.765; P = 0.470; n*=0.013).
Overall, the presence of a congruent visual cue affected the
final adaptation but had no effect on the aftereffects.

Similar results were found for the absolute hand path error,
which considers errors throughout the whole trajectory (Fig.
3). Although the initial error upon exposure to the force field
showed a small but significant difference according to the
force field (Fys4=5.372; P = 0.024; n%=0.085), there was no
effect of condition (F, 54 =1.178; P = 0.316; n%=0.037) or inter-
action (F,54=0.735; P = 0.484; n%=0.023). The final level of
absolute hand path error (last 10 blocks, Fig. 3, B and D) was
examined with an ANOVA with main factors of force field (2
levels) and condition (3 levels). Similar to MPE, there was a
main effect of force field (F; 54 = 54.879; P < 0.001; n2 =0.477),
but the main effect of condition failed to reach significance
(F>54=1.902; P = 0.159; n2 =0.033), and there was no interac-
tion effect (F,s54=1.130; P = 0.331; n2: 0.020). However, we
found significant differences during the aftereffects for both
force field (Fys4=14.741; P < 0.001; n?=0.178) and condition
(Fr54=4.364; P = 0.018; n%=0.106) but not for their interac-
tion (Fy 54 = 2.60; P = 0.084; 12 = 0.063). Post hoc comparisons
(Tukey) found that the aftereffects were smallest in the control
condition (both P < 0.047), but no differences between the
congruent and incongruent conditions (P = 0.971).

To investigate the predictive compensation to the force
fields independent of factors such as limb inertia or increases
in co-contraction, we examined the force compensation
throughout the experiment (Fig. 4). During the initial preex-
posure phase, the force compensation (relative to adapting to
the subsequent force fields) remained close to zero as
expected. Upon the start of the exposure phase, the force com-
pensation for all groups increases, with a larger increase in
the unidirectional force field groups (around 60%, Fig. 4C)
compared with the bidirectional force field groups (around
30%, Fig. 4A). However, again both congruent visual cue
groups have higher levels of force compensation at the end of
adaptation compared with other groups with the same force
field. The final level of force compensation (last 10 blocks, Fig.
4, B and D) was examined with an ANOVA with main factors
of force field (2 levels) and condition (3 levels). There were
main effects of both force field (F;s,=191.968; P < 0.001;
n?=0.741) and condition (F, s, = 5.491; P = 0.007; n? = 0.042),
with no interaction effect (F, 54 =1.107; P = 0.338; n%=0.009).
Therefore, there is a strong effect of the force field on the
reduction of the kinematic error during adaptation, but also
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Figure 3. Absolute hand path error during adaptation. A: sum of the abso-
lute hand path error throughout the experiment in the bidirectional force
fields for the control (dark blue), congruent (yellow), and incongruent (red)
groups. The mean (solid line) and standard deviation of the mean (shaded
regions) across participants for each block in the experiments is shown.
Shaded gray region indicates the period of force field exposure. B: final
levels of absolute hand path error at the end of the exposure phase (last
10 blocks). Error bars are standard error of the mean, and individual points
represent individual participants with the color indicating the direction of
the force field (light gray circles: positive k; dark gray diamonds: negative
k). C: absolute hand path error in the unidirectional force fields for the con-
trol (purple), congruent (green), and incongruent (light blue) groups. D:
final levels of absolute hand path error at the end of the exposure phase
(last 10 blocks).

clear evidence for differences across the three conditions. A
post hoc comparison (Tukey) demonstrated that the congru-
ent conditions had significantly higher force compensation
than either the control (P = 0.03) or incongruent conditions
(P = 0.009) but that there were no differences between the
control and incongruent conditions (P = 0.896) across the dif-
ferent force fields. However, despite the differences in the final
level of adaptation, there was only a main effect of force field
(F1,54=20.452; P < 0.001; n2=0.274) on the magnitude of
aftereffects, with no effect of condition (F,5,=0.099; P =
0.906; 12=0.003) or interaction (F,s4=0.056; P = 0.946;
n%=0.001). Overall, despite adapting to the same force fields
and having the same visual presentation of the cursor repre-
senting hand position, participants that we also presented
with an additional visual cue that matched the force field
adapted more to the force fields (independent of the type of
force field). That is, although all groups received visual
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feedback of the cursor motion (providing visual information
regarding the errors induced by the force fields), additional
congruent visual motion assists with the formation of the
motor memory of the external dynamics. However, such dif-
ferences were not found in the size of aftereffects.

Learning Rates

The force compensation in the exposure phase was fit
with an exponential function to determine the time contrast
of adaptation and final asymptote levels for the six groups
(Fig. 5). For the bidirectional force field (Fig. 5, A-C), we find
a higher final asymptote for the congruent compared with
the control (P = 0.044) and incongruent (P < 0.001) groups,
but also for the control compared with the incongruent
group (P = 0.0108). However, we find no differences in the
time constant of adaptation across all three groups (all P >
0.16). For the unidirectional force field (Fig. 5, D-F), we also
find strong differences in the asymptote, with a larger
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Figure 4. Predictive force compensation during adaptation. A: force com-
pensation as measured on channel trials throughout the experiment in the
bidirectional force fields for the control (dark blue), congruent (yellow), and
incongruent (red) groups. The mean (solid line) and standard deviation of
the mean (shaded regions) across participants for each block in the
experiments is shown. Shaded gray region indicates the period of force
field exposure. B: final levels of force compensation at the end of the ex-
posure phase (last 10 blocks). Error bars are standard error of the mean,
and individual points represent individual participants with the color indi-
cating the direction of the force field (light gray circles: positive k; dark
gray diamonds: negative k). C: force compensation in the unidirectional
force fields for the control (purple), congruent (green), and incongruent
(light blue) groups. D: final levels of force compensation at the end of the
exposure phase (last 10 blocks).
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adaptation for the congruent compared with the control (P <
0.001) or incongruent groups (P < 0.001), but here the incon-
gruent group showed higher adaptation than the control
group (P < 0.001). The rates of adaptation to the unidirec-
tional force field were higher for the congruent and incon-
gruent groups than the control group (both P < 0.001) but
with no difference between them (P = 0.436).

Model Results

We simulated the learning process for each of the experi-
mental conditions using state estimation-based learning. In
this learning scheme (Fig. 6A), the state estimator integrates
information from multiple sensory modalities, if available,
to estimate the scaling factor from noisy observations.
Examples of datasets available to the state estimator accord-
ing to each experimental condition are depicted in Fig. 6B.
Using these datasets, the state estimator estimates the scal-
ing factor that determines the level of adaptation to the force
field. We calculated the difference between estimated and
actual scaling factors. Figure 6C shows the learning trends
for each condition during adaptation to the unidirectional
force field. For this adaptation protocol, the trends predicted
by the model are similar to the experimental observed trends
(Figs. 2 and 4). We found that for the congruent condition,
the scaling factor estimation converges faster than the other
conditions, as in this condition, the state estimation can use
both proprioceptive and visual information together with
higher sensitivity to the observation. For the incongruent
condition, we found that lower observation sensitivity can
lower the learning rate. This lower sensitivity is due to our
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assumption regarding the reliability of the observations dur-
ing this condition which are opposite to each other. For
adaption to the bidirectional force field, we found again a
faster adaptation rate for the congruent condition compared
with the incongruent and control conditions (Fig. 6D). Here,
we simulated even lower observation sensitivity for the
incongruent condition which resulted in a learning rate
which was slower compared with the control condition.

We also found that the ability of the state estimation to
accurately estimate the scaling factor of the bidirectional
force field was reduced compared with the unidirectional
force field. This slower adaptation for the bidirectional force
field was also evident in the experimental results (Figs. 2 and
4). This difference between force fields was evident even for
conditions in which parameters had the same values, for
example, in the congruent and control conditions.

DISCUSSION

In this study, we examined whether additional visual infor-
mation regarding the nature of external dynamics affects the
rate of adaptation to these forces. We provided participants
with online visual representation of forces that could accu-
rately or falsely represent the experienced forces and exam-
ined if these visual cues assist force field adaptation,
especially when the cues were congruent with the experi-
enced forces. Three groups experienced a unidirectional force
field, whereas the other three groups experienced a bidirec-
tional force field. Using these unidirectional or bidirectional
velocity-dependent force fields, we have compared different
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Figure 6. State estimation-based adaptation. A: block diagram of state estimation. The motor command sent from the brain changes the state of the arm
(plant), which is sensed by multiple sensory modalities such as proprioception or visual. The role of the state estimator is to estimate the state using inte-
gration between information sources and reduce the effect of noise (¢), which distort the sensory signals. B: example for simulated sensory information
regarding the scaling factor k for each experimental condition across all trials. In each trial, we simulated that the system acquires four randomly chosen
data points, for example, the four data points marked using black circles in the top left panel. Top row of panels represents examples for proprioceptive
(gray dots) and visual (green dots for congruent and light blue dots for incongruent conditions) information when the force field is unidirectional. Bottom
panels represent examples for proprioceptive (gray dots) and visual (yellow dots for congruent and red dots for incongruent conditions) information
when the force field is bidirectional. C: difference between estimated scaling factor, k, and actual value k measured using mean squared error (MSE)
between the two signals for adaptation to the unidirectional force field. For the congruent condition (green line), there is a faster convergence between
the true and estimated scaling factor values compared with the incongruent (light blue) and control (purple), which predicts that in this condition, partici-
pants could estimate faster and more accurate the nature of the force field. For the control condition, the visual nature of the force field is absent, which
lowers the learning rate. For the incongruent condition, we simulated higher uncertainty in the scaling factor prediction, which upregulated the learning
rate compared with the control condition. To compare the simulated learning trend but not the absolute values to the experimental results, Fig. 2C was
added as an inset. D: same as C but for adaptation to the bidirectional force field. Here, we simulated lower uncertainty in the scaling factor prediction,
which downregulated the learning rate in the incongruent condition (red curve) compared with the congruent (yellow curve) and control (blue curve). To

compare the simulated learning trend to the experimental results, Fig. 2A was added as an inset.

responses of additional visual cues regarding the forces—con-
stant, congruent with the dynamics (cues matched with the
type of force field), or incongruent with the dynamics. We
observed higher adaptation levels for groups that adapted to
the unidirectional force field compared with groups that
adapted to the bidirectional force field. For both force field
types, the groups in which the visual cues were congruent
with the type of force field exhibited faster learning and also a
higher adaptation level at the end of learning. When the vis-
ual feedback was conflicting or not informative, the adapta-
tion rate and final adaptation level were reduced. The
comparison between the conflicting and not informative con-
ditions did not yield a consistent effect as evident by the con-
tradicting results we found using different analysis methods.
These results demonstrated that the characteristics of motor
learning can change with additional visual information
regarding the nature of the environment.
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There is contradicting evidence regarding the role of visual
feedback in motor planning or adaptation. Congenitally blind
individuals are able to adapt rapidly to novel dynamics in the
complete absence of visual feedback (2). Similarly, studies
have shown that people learn both stable and unstable dynam-
ics equally well both with and without visual feedback (3, 4,
43). However, previous studies have also shown that visual in-
formation can alter motor plans and can have a great impact
on motor behavior. For example, visual feedback provides use-
ful information for dynamical control in particular to select dif-
ferent internal models of objects (44). Visual feedback has also
been shown to be responsible for learning the direction of the
movement and path planning during adaptation (4). Indeed
participants experiencing a visuomotor rotation paradigm are
able to successfully perform the task without proprioceptive
feedback, leading to the conclusion that the visual signal ena-
bles remapping of the planned movement direction (45).
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The influence of visual feedback on motor control is not
limited to humans; even jumping spiders move their head
toward moving objects when their lateral eye captures the
motion to use their principal eyes to define the event. The
retinae of the spider not only provide information about
the existence of external stimuli but also its precise orien-
tation, which is translated into a sequence of instructions
to orient the spider appropriately (46). In humans, there is
some evidence that movements are planned in a manner
that suggests the prioritization of visual feedback for certain
tasks. For example, Flanagan and Rao (47) have shown that
the human brain will modify the movement path to provide
a straight path in visual space. Similarly, participants will
perform strongly curved movements to obtain sufficient vis-
ual feedback about the movement (48). However, visual
feedback does not take into account motion of the endpoint.
It has been shown that our planned trajectory is based on the
visual geometric information of the entire system, not just
the endpoint, by using a novel mapping between finger
movements and object movement (49). In terms of adapting
simultaneously to two opposing force fields, certain types of
visual feedback can be used as a contextual cue to separate
the learning of these dynamics (18, 19, 24, 50, 51). The fact
that only specific types of contextual information allow the
learning of two opposing force fields suggests that only spe-
cific signals trigger a switch between or access specific motor
memories in a given task.

Compared with most previous studies of learning novel
dynamics, in which the visual information provided feed-
back about motion errors due to the force field or cued that a
different force field would be applied, in this study, we
examined how additional visual information regarding the
nature of the force field can affect adaptation. In this case,
participants could potentially ignore the added information,
especially for the incongruent visual feedback condition and
have similar adaptation as with no additional visual feed-
back. Despite this, we found that the visual information
affected adaptation. This might indicate that participants
automatically process the visual representation of the forces
regardless of the congruency with the underlying dynamics.
This is in line with other results of manipulating objects
while experiencing incongruent visual feedback. For exam-
ple, incongruent visual information regarding the tip of an
inverted pendulum decreased the ability of participants to
stabilize the pendulum despite having reliable haptic infor-
mation regarding the mechanical properties of the pendu-
lum (52, 53). The inability to discard the incongruent visual
information suggests involvement of unconscious learning
processes in which this visual information can enhance or
reduce the learning rate.

Indeed, several studies suggested that visual feedback trig-
gers a more conscious, explicit strategy of action when
adapting to external dynamics. That is the deviation of the
visual representation of the hand, usually a cursor, from the
desired straight line movement allowed participants to iden-
tify the force nature, such as the force direction, and aim or
move differently. For example, Hwang et al. (17) showed that
visual information about hand position but not propriocep-
tive information can make participants aware of the pres-
ence of a force field. They showed that this awareness
caused an improvement in learning for both cases where
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visual information was reliable and when it was not.
However, this study examined visual information, which
was directly linked with the motion error due to forces. In a
recent study, Zhou and colleagues (54) contrasted motor
learning performance between two experimental groups in a
reach adaptation task to assess the extent to which explicit
visual feedback facilitates motor learning. Specifically, one
group of participants experienced a velocity-dependent force
field (i.e., received both visual and proprioceptive feedback),
whereas the other group moved in force channels and was
provided visual feedback concerning the lateral force they
produced as well as the force required to overcome the force
field (i.e., plotted the velocity-dependent force field curve).
They found that decay was faster in the group that only
received explicit visual feedback, although the single-trial
recall was similar between the two groups. The authors con-
cluded that motor adaptation can rely on explicit visual feed-
back, although adaptation, in this case, is less stable than
that based on experiencing multisensory errors following
physical perturbations. Although this study provided online
visual feedback of the forces during the movement, the vis-
ual traces remained on the screen until after the end of the
movement. This is slightly different than previous work
which provided a visual picture of the forces before the start
of the movement (22). Both of these are quite different to the
approach of our study in which only the instantaneous vis-
ual feedback was connected to the dynamics of the environ-
ment. As we know that continuous and terminal feedback
affects learning in a very different manner (55), it is possible
that all of these studies produce changes in adaptation
through different mechanisms.

There have been varying reports of the effectiveness of vis-
ual cues on dual adaptation. While some studies have sug-
gested that color cues can be used to predict and compensate
for switches in dynamics (20-22), more recent work has shown
that color cues have limited effectiveness in such switching
and updating of motor memories (18, 19). In contrast, other
visual cues such as visual motion (18), visual lead-in direction
(23, 24), and visual feedback location (18, 19, 25) exhibit strong
effectiveness as a cue. It has been suggested that cues can be
either direct or indirect in their nature (19), where direct cues
contain direct information about the dynamic state of the
body driving strong implicit adaptation, whereas indirect cues
need to form an association with the dynamics leading pri-
marily to an explicit adaptation on short time scales. Our cur-
rent study provides online visual information regarding the
time-varying state of the dynamics throughout the movement.
We propose that such information should reflect a direct cue
regarding the dynamics suggesting any additional effects of
the congruent or incongruent nature of the cues is likely
implicit in nature. However, as we only study a single direc-
tion of movement and do not directly measure the implicit
and explicit contributions, we cannot confirm this suggestion.

To explain the experimental results, we proposed a compu-
tational model that predicts the pattern of adaptation based
on a state estimation. In this model, the state estimator forms
a representation of the external force field by integrating pro-
prioceptive information with additional visual information
that represents the pattern of external forces. The state estima-
tor receives information from the two modalities and updates
the representation of the environment as more information is
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accumulated. Since the proprioceptive sensory input was
always reliable, the model eventually converges to the coeffi-
cients values which set the force field regardless of the addi-
tional visual information. Our model suggests that the
learning rate and the adaptation steady-state value depend on
the uncertainty levels we have of the external dynamics repre-
sentation. That is, when the two sources of information are in
agreement, such as in the congruent condition, the state esti-
mator is more uncertain in the current representation and
thus changes more rapidly the estimation based on new obser-
vations. This is in line with other state estimation-based adap-
tations (32, 33) in which the learning rate was altered with
changes in the noise in the sensory feedback. Here, however,
since we did not alter sensory noise but provided multiple sen-
sory inputs with different levels of congruency between them,
we suggest a complementary way of controlling adaptation
rate, which also supports the idea of a Kalman filter (42) as a
way of implementing state estimator-based adaptation.

A second assumption of the suggested state estimation ad-
aptation model is the difference in uncertainty levels accord-
ing to the complexity of the force field. For the incongruent
condition, we assumed a higher ability of the model to mod-
ify the representation of the scaling factor for the unidirec-
tional force field compared with the bidirectional force field.
This allowed different adaptation patterns in the incongru-
ent condition between these two types of force fields. We
suggest that in less complex force fields, such as the unidir-
ectional field, participants were able to better learn the force
pattern despite the incongruent additional visual informa-
tion. Similar to increased generalization ability of low com-
plexity force fields (56) or higher adaptation rate when visual
cues are less variable (57), we suggest that the complexity of
the unidirectional force pattern was low enough so to have
different adaptation nature such as the ability to disregard
or depress the effect of the additional visual information. For
the congruent and control conditions, the model predicted
different levels of estimation despite setting the uncertainty
level to have the same value between unidirectional and
bidirectional fields. This was consistent with the experimen-
tal results and suggests that in general, the bidirectional
force field was more difficult to estimate and that it might
require much more extensive training to achieve the same
level of adaptation.

When people are exposed to a fully or partially unknown
environment, any information about the characteristics of
the environmental dynamics is valuable. Both visual and
proprioceptive feedback can be used both to estimate the
current state of the body and information about how to cor-
rect the movements to minimize the error. Here, we have
shown that even additional visual signals can be used to
increase adaptation to novel dynamics when such informa-
tion relates to the dynamics of the environment. In this
study, it is unclear whether such an effect was driven by
changes in explicit or implicit learning. However, the com-
putational model also replicated the experimental differen-
ces across conditions. This model suggested that the major
difference was the use of this additional visual information
to improve state estimates during adaptation. While this is
only one possible explanation, out of many, for the results, it
would suggest a more implicit explanation for the effect of
congruent visual cues on the speed of adaptation. This
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matches with recent work suggesting a strong component of
implicit learning in force field adaptation (19, 58). However,
it may be that the additional visual information affected
explicit learning since we did not see differences in the after-
effects according to the experimental condition (59). It is im-
portant to note that the additional visual cues are removed
during the aftereffect trials, so we might expect to find no
differences in the aftereffect measures regardless of the
explicit or implicit nature of these effects. Further studies
would be needed to confirm whether these visual cues are
used within state estimation as we suggest with our model.
One possible test of this would be to investigate the role of
these online visual cues in dual adaptation paradigms (18) as
we have suggested that strength of contextual cues depends
on their use within state estimation (19, 23, 50, 51, 60). While
we can only speculate on the mechanism that drives this
increase in adaptation, it is clear that congruent visual cues
increase the adaptation to novel dynamics compared with ei-
ther incongruent or the absence of visual cues. Such effects
might be useful for rehabilitation or training, especially if
they can contribute through improved state estimation.
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