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Expanded calibration data

Each participant performed a calibration procedure consisting of force/EMG calibration and null-space calibration across both
experimental sessions. Within these sessions, the participant specific pulling vector matrix, ‘natural’ co-contraction directions
and reachable null-space coordinate sets were computed. The values for these terms are presented below:

Pulling vector matrix

Fig. S1 depicts the projection of the participants’ pulling vector matrix into the flexion-extension and radial-ulnar deviation
force, where each individual colour is associated with the effect of a different muscle recorded using surface EMG. It can be
observed that there was variability in the identified participant pulling vectors between participants. However, the projections
for an individual muscle typically occupied the particular region associated with the muscle’s function (for example the
extensors produce extension and the ulnaris muslces produce ulnar deviation). One exception is that despite the FCR being in
general clearly separated in its function from other muscles, it was at times associated with extension. This may have been
caused by cross-talk with finger motion, where preliminary investigation revealed no atypical performance associated with this
identification. The regions that the muscle pulling vectors occupied appear to be consistent across the two sessions, with the
exception of the FCR which appears to have changed between the NSTR and CTR sessions.

The quality of the fit of the linear mapping from surface EMG activity to measured force was evaluated through the
coefficient of determination (R”) resulting in R* = 0.83 £0.08 and 0.87 +0.05 for the null-space target reaching and concurrent
target reaching sessions, respectively. This suggests that while the linear approximation is accounting for much of the variability
in the data, there is still some non-linearity not accounted for in the EMG-to-force mapping.

Natural co-contraction

Fig. S2 shows the average EMG recordings for each participant across the two different experimental sessions. Across
participants, our data showed little to no clear evidence for a deviation in their co-contraction EMG activities across the 2
sessions (BFj9g =2.3,1.6,1.2,0.5 (y= 1/\@); 1,0.9,1,0.5 (y=1); 0.8, 0.7, 0.9, 0.4 (y =1.4) for ECRL, ECU, FCR, FCU,
Bayesian Wilcoxon signed-rank test).

Subset of null-space ./

Fig. S3 illustrates each participant’s subset of the null-space that they could reach given the non-negativity of muscle activation.
This evaluation ensured that the targets were not placed outside .4~ where it would be impossible for participants to reach the
target.

Null-space target reaching failure quantification

As an additional investigation of the causes of failure during the null-space target reaching task, we studied a series of related
metrics.
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Figure S1. Pulling vector matrix visualisation. The flexion-extension and radial-ulnar deviation force produced by recorded
activation of the flexor carpi radialis (FCR), flexor carpi ulnaris (FCU), extensor carpi radialis longus (ECRL) and extensor
carpi ulnaris (ECU) muscles is visualised for the calibration conducted before the null-space target reaching session (a) and
concurrent target reaching session (b). Each muscle is shown with a different colour, while individual pulling vectors are shown
for each participant

Minimum held distance and time in target

The proximity of a single trial to a successful reach was quantified through two metrics: the minimum held distance to the
target and the maximum held period within the target. Here, the distance to the target was computed as the Euclidean distance
between the participant’s cursor position and the target location. The minimum held distance was then given by the smallest
distance to the target that was held for 1 s without violating the force constraints. Fig. S4A shows the minimum held distance
for each participant across the trials of the null-space target reaching session, where if there was no 1 s interval without force
constraint violation no data was recorded. There did not appear to be a trend of participants reducing their minimum held
distance before successful trial reaches.

The maximum held period (Fig. S4b) was instead computed as the maximum period of time in which the participant kept
the cursor within the threshold distance of the target location consistently without interruption, where if a cursor was never in
the target then no data was recorded. Failure of a trial could be due to unsuccessful target reaching / holding from a cursor or
violation of the force constraints. From these results it can be observed that participants were able to in 53.4% of the failure
trials (318 trials from the total number of trials across all subjects) reach the target and in 22.5 % of the failure trials (134 trials
from all subjects) they could also hold their null-space position to be within the target for more than the required 1 s holding
time. However, that this was often coupled to force production such that the individual trial was not successful.

Effect of threshold conditions

From Fig. S4b, it was observed that there were a number of trials for which the participants were able to reach the target but not
hold their position. Fig. S5a further illustrates the participant trial-by-trial success at reaching without holding. It can be seen
that if the success condition did not include the holding constraint, then Subjects 2, 7, 8 and 9 would have all at least reached
one further target location (due to having 80% success out of a window of ten trials). However, Subjects 1 and 3 would still not
progress beyond the first target location.

Additional concurrent target reaching performance metrics

Reaching versus holding performance

Fig.S6a shows the participants success rate for the concurrent reaching if the 1 s holding condition was not considered. From
this figure it can be seen that participants could typically reach all targets in both the task- and null-space regardless of the size
or location. Most failures in the experiment were therefore reflective of an inability to hold the null-space position rather than
an inability to reach it.
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Figure S2. EMG activity during null-space calibration. For each participant, the average EMG activity for each muscle over
the last 2 s of natural co-contraction is shown as a box plot with the single trial EMG activities also shown as individual dots.
Two box plots are shown for each muscle corresponding to the recordings from the null-space calibration during the null-space
target reaching (NSTR) and concurrent target reaching (CTR) sessions, respectively. Each muscle is shown in a different colour
consistent with that of Fig. S1.

Null-space histogram

Fig. S6b depicts the range of null-space activation (as a histogram) that the participants produced for each task-space target
location. For each individual participant, the direction of the null-space activation appears to remain within a consistent range
across the different target locations and size. This indicates that participants used a similar strategy of EMG activation that was
independent of the task-space requirements as well as the required physical exertion.

Force variability

We investigated the impact of the wrist-joint muscle redundancy control on subsequent task-space reaching by evaluating the
difference between the force/EMG calibration at maximum voluntary force (MVF) and at 20% scaled MVF target reaching that
participants performed before (pre) and after (training) for each experiment session. Note that the minimum of the measured
MVEF across all directions was used to define the MVF for each participant, therefore the mean MVF for all directions is above
100 %. When we compared the MVF of all directions, the measured MVF was lower after the NSTR session, going from
147+ 21 % MVF before the experiment to 130+ 16 % MVF after the experiment(mean =+ std, BFjy = 20,28, 18 for normal,
wide and ultra-wide prior with Cauchy prior distribution set to ¥ = 0.707, 1 and 1.4, Bayesian Wilcoxon signed-rank test). In
contrast for the CTR session, no clear difference was observed (138 = 7 % MVF before experiment and 135 £+ 10 % MVF
after experiment, mean =+ std, BFjp = 0.9,0.8,0.6 for normal, wide and ultra-wide prior with Cauchy prior distribution set to y
=0.707, 1 and 1.4, Bayesian Wilcoxon signed-rank test). Note that MVF was taken from the minimum value across all 16
directions, therefore the averaged MVF is larger than 100 %. While this analysis showed a change in MVF from performing the
NSTR session, it is worth mentioning that this force value was not consistent with the force production that would be required
for the main experiment experiment sessions. To test if the main sessions altered this force production, we then analysed the
force variability during the force hold phases and compared it between session (pre or post) and target for each experiment
(Fig. S7). For the null-space target reaching task we found strong evidence against there being a change of force variability
(as measured by the median absolute deviation) with respect to the target or the interaction between the target and session
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Figure S3. Visualisation of the subset of the null-space .4 that each participant was constrained to due to the non-negativity
of muscle activation. The reachable subset of the null-space .#” is coloured in light blue. The white areas represent regions that
are unreachable due to the non-negativity constraint of muscle activation. The coloured open circles depict the targets presented
during the experiments for each participant. Colour representation for each target: Red (Target 1); Orange (Target 2); Green
(Target 3); Cyan (Target 4); Blue (Target 5); Purple (Target 6).

(Bayesian repeated measures ANOVA, BFjciusion = 0.006, 0.001 (Y =0.5); 0.001, < 0.001 (y = l/ﬁ); <0.001, <0.001 (y=1)
respectively) and moderate evidence against any change across the pre and post sessions (BF;,cjusion=0.324, 0.259, 0.2 for y =
0.5, 1/+/2 and 1). Similarly, for the concurrent target reaching we found strong evidence against there being a change of force
variability with respect to the target or the interaction between the target and session (Bayesian repeated measures ANOVA,
BF;nc1usion=0.037,0.006 (y =0.5); 0.01, 0.002 (y = 1/\@); <0.001, <0.001 (7y =1) respectively) and moderate evidence against
any change across the pre and post sessions (BFj;¢jysion = 0.236 ,0.2, 0.17 for y = 0.5, l/ﬂ and 1).
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Figure S4. Minimum held distance and time in target for each trial. (a) The minimum held distance (without violating the
force constraint) that was held over a 1 s time window consistent with the required holding condition. Here, the black
horizontal line depicts the required distance for a successful trial. (b) The maximum held period over the trial for which the
participant had the cursor within the required distance threshold from the target without consideration of the force constraint.
Here, the black horizontal line depicts the required holding time for trial success. Saturated colours depict successful trials and
transparent colours illustrate unsuccessful trials. Each colour is coded for an individual target. Colour representation is the
same as in Figure 2 and 3E in the main text.
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Figure S5. Trial failure visualisation. Distribution of trials where the participant reached (without necessarily successfully
holding) the target location for each participant. A reached trial is shown by a coloured bar, where each colour represents a
different target location. Without the holding requirement, 8 out of 10 participants would have met the criteria to move past the
first target.
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Figure S6. Additional concurrent target reaching performance results. (a) The reaching rate of different target locations and
target sizes. (b) Histogram showing the angles reached for each target location. Angular coordinate shows the reached angles
for each target where blue is used for target sizes ||fi]| = 3 and orange is used when ||fi|| = 6. Width shows the frequency that

the angles were reached. Note that due to a computer crash, Subject 6’s data was not saved during the CTR session and is
therefore not included.
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Figure S7. (a-b) Averaged MVF across all directions measured for individual participant before (pre) and after (post) both
experimental sessions. (c-d)Force variability during task-space isometric target force production (within the force/EMG
calibration) at 20% MVC. Force variability was quantified by the median absolute deviation of the force during the hold period
and was assessed directly before (pre) and after (post) both experiment sessions (NSTR on the left, CTR on the right). Dots
depict each individual target from each participant.
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