
Abstract

Sensorimotor learning for the hand and fingers can be conducted using both hardware and software components,
but the training regime is also important. Using repetitive sequence tapping allows measurement of defined metrics
in a controlled, safe environment, and therefore statistical indications for subject improvement. The process of
entrainment, when a subject’s own movements synchronize to an external signal, has been tested in prior studies for
memorization and recognition, but has not been investigated for correlation with sensorimotor learning. This is tested
with selected custom isochronic audio tones, combined with sequential finger tapping on a standard computer
keyboard. Whilst there were no significant differences between specific frequencies, testing blocks done during tone
conditions show subject improvement in reduced mean sequence times compared to pre-stimulation, with no
significant change in subsequent post-stimulation blocks.
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Introduction
Because human working memory is limited, multiple cultures across

the world have independently developed physical and behavioral tools
to aid in memorization. Amongst the oldest and most widespread of
these is the use of music and rhythm to encode information for future
use. As both music and dance contain repeating sound and motion
patterns, learning to play or keep time with music requires the
practitioner to maintain rhythms by using internal synchronization
and body movements, whether in dance or playing instruments.

Entrainment is the matching of brain activity frequencies to external
rhythms. This can occur through sensory means using audio, visual or
tactile input, or applied means such as tACS (Transcranial Alternating
Current Stimulation). Whilst prior work has found that using
entrainment in combination with additional tasks has led to changes in
recognition and memorization, the use of specific patterns, tones and
frequencies and their effects on brain activity and sensorimotor
learning however have had comparatively little study.

The brain itself has the ability to change its active wave frequencies
to match external audio, visual or tactile rhythms and is defined as
entrainment [1]. And it has been found that audiovisual entrainment
in humans has a correspondence with the stimulation frequency. One
example of this is the presence of entrainment at 2x the stimulation
rate [2], with entrainment occurring at 1.33 Hz as measured via
Electroencephalography (EEG), when stimulation was presented in the
sub-delta band at 0.67 Hz. Another study [3] varied light flash
frequencies, and found a positive correlation with cerebral blood flow
(CBF) in the striate cortex from 0 to 7.8 Hz, with a decrease in CBF
above this frequency and a 20-30% increase in CBF at a 7.8 Hz
frequency of stimulation.

In addition to audio and visual stimulation, tACS has been utilized
in recent work, on the M1 region of the brains of 15 right-handed
subjects [4]. It was discovered that 10 Hz stimulation increased

movement variability over 30 min post-stimulation, and 20 Hz
stimulation caused movement slowing directly after stimulation. The
conclusion drawn from this was that a 10 Hz neural oscillation
interferes with inhibitory circuits, therefore increasing movement
variability, an undesired result which would decrease subjects’
precision.

Most significantly, regional cerebral blood flow has been measured
using Positron Emission Tomography (PET) during a pattern-flash
visual  stimulation  at  frequencies of 0,1,4,7, and 14 Hz  [5]. The results
showed increase in striate cortex activity at 7 Hz, with a decline at 14
Hz. Likewise, a study centered on a word recognition memory task
with elderly participants [6], discovered optimal visual frequencies
from 9.5-11 Hz for increased word recognition, with optimal
recognition close to 10.2 Hz. Whilst these results point to the effects of
optimal frequencies using visual entrainment, there has been no
verification for the use of audio only at these same frequencies.

The presence of optimal or default frequencies for body movements
as well as brain activity has also been investigated historically. This has
led to discoveries such as a resonance for human walking at
approximately 120 beats per minute, or 2 Hz, though the discoverers
concluded that the biomechanics of the arm and hand may give
different frequencies [7]. Other work has found an optimal tapping
frequency for single finger tapping of ~600 ms or 1.667 Hz; as this has
not been examined for sequences, there may be additional correlations
with multiples of this frequency [8]. However, there is a difficulty here
due to this being a repeating decimal, and it is unknown if there will be
effects on tone creation due to rounding errors.

As the possible frequencies for optimal repetitive upper extremity
and finger motion may not necessarily be identical to those for
walking, they may span a range of values, or be a multiple of existing
optimal frequencies. The discovery and use of optimal frequencies for
repetitive movements has implications for such fields as sports
medicine, workplace ergonomics and rehabilitation. Movements
conducted at an optimal frequency would lead to greater efficiency of
movement, fewer repetitive strain injuries, and reduced fatigue.
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It is important to note that the frequencies that proved most
effective in assisting recognition and memorization may not be
optimal for upper extremity sensorimotor activity. Nevertheless, it is
important to prioritize subject safety, and focus on finding as direct a
correlation as possible between audio tones and upper extremity
sensorimotor activity.

Whether there exists a correlation-positive or negative-between
audio tones and upper extremity activity, the result is significant in
either case. We are surrounded by a multitude of sounds-both
repetitive and random, and if there are any effects on our behavior or
physiology, then it is necessary to determine what these are. It is also
possible that there are related effects with other subject factors, such as
handedness, gender or formal musical training.

In the event of a positive correlation, then the presence of
isochronic tones may enhance concentration, improve sensorimotor
activity or learning, or reduce fatigue, whilst a negative correlation may
do the reverse. If there is no correlation, then the results are significant
nonetheless, as it permits the presence of a range of ambient sound
frequencies in our working environment. Many of these may be
unavoidable or costly to reduce, and so their presence would not
detract from the quality of work or living by those in the proximity.

Materials and Methods
A total of 30 subjects were tested for this specific procedure, and

each was compensated $20 for their time. All subjects were college
students with no history of neurological disorders and were right-hand
dominant. Out of the 14 subjects who answered ‘Yes’ to Formal
Musical Training, two replied that their training was vocal only. The
remaining 12 had either a mixture of instruments and vocal training or
instruments only. All the instruments listed required the use of the
fingers of both hands.

Each subject performed a sequence of 3 blocks of continuous typing
of the ‘[a f s d a d f]’ sequence with their non-dominant, left hand.
During the second block, auditory stimulation of either 4 Hz or 10 Hz
was provided. Then the sequence of three blocks was repeated, and the
auditory stimulation was once again provided during the second block,
with a frequency of either 10 Hz or 4 Hz. The presentation order for
the two stimulation frequencies were randomized across subjects. Each
370 s testing block had two recorded files-the keystroke sequence and
corresponding time codes-from which MATLAB extracted several
metrics: the Accuracy, defined as the total number of correctly
performed sequences divided by the total number of performed
sequences, then multiplied by 100; the Mean Sequence Time, defined
as the time in seconds to perform a correct sequence; the Total # of
Error States, a unitless value where each Error State is defined from the

beginning point of an incorrect sequence to the beginning of the next
correct sequence.

In order to gain familiarity with the testing sequence, subjects
performed a single testing block prior to recording any of the metrics.
Subjects were allowed to see the typing sequence to perform before and
after this practice block, but at no point after this. They were also
instructed to prioritize accuracy before speed. The key sequence
utilized involved all four fingers of the subjects’ non-dominant hand,
instead of the index finger of the dominant hand, and involved a fixed,
repeated sequence instead of a single-finger self-paced rhythm. In
order to reduce visual distractions, subjects also used their non-
dominant hand both to increase challenge, and provide a more easily
observed change in performance before and after testing.

The majority of surveyed prior research for unimanual sequential
finger tapping focuses on five-digit sequences using the four fingers of
the left hand: the left index finger corresponds to ‘1’, the left middle
finger to ‘2’, the left ring finger to ‘3’ and the left pinky to ‘4’. This gives
the most common sequence found as ‘[4-1-3-2-4]’. This sequence has
the advantage of providing challenge by avoiding more than 2
adjoining keys in a sequence, and difficulty can be increased further to
a 7-digit sequence. In order to avoid two adjoining keys once again
both in sequence and for successive sequences, the modified sequence
is [4-1-3-2-4-2-1]. To use this on a standard keyboard, and as the
majority of subjects are right-handed, the keys used for the non-
dominant/left hand were the ‘a s d f ’ location, which is taught as the
starting position for the left hand when typing. The resulting sequence,
when translated to these keys is ‘[a f s d a d f]’, and the two tones (4 Hz
and 10 Hz) were randomized across the subjects using Microsoft
Excel’s RAND function.

The tones used in this experiment were made using Audacity®
software, this allowed the creation of tones where not only the
isochronic frequency, but the carrier frequency, duration, and overall
shape can be customized for this study. The carrier frequency was
chosen to be 256 Hz, which represents the note of middle C in
Scientific pitch. This differs from middle C at 261.62 Hz as used by
concert orchestras, as 256 Hz is a whole number in the binary system,
and allows all the octaves of C (an octave is 50% or 200% of a note’s
frequency) to remain whole numbers in both binary and decimals
down to 1 Hz. Middle C was also chosen because it exists within the
average human hearing range, and can also be sung. Unlike the
commercially available tone used previously, the resulting custom tone
did not have tapering in volume at the beginning or end of the block.
Whilst it is possible to include tapering in custom tones, it introduces
additional variables to adjust, such as the time from silent to full
volume, and the shape of the volume increase. As this is experimental,
it is prudent to minimize testing variables until a clearer model can be
established.
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In addition to potential effects on human performance, there is also
the issue of safety and comfort, whether the workplace is an office, a
mine or a factory floor. Workplace noise has been found to be an
explanatory factor in fatal industrial accidents between 1990 and 2005
[9], especially if worker communication was involved. In a less obvious
example, worker performance and comfort can suffer with the
presence of disruptive or unwanted noise; a survey conducted within
eight European nations with 7441 participants revealed ‘noise’ as the
variable with the highest association with occupants’ comfort [10].
Finally, noise has been found to affect recognition memory, which can
lead to diminished performance or accidents by diminishing vigilance
[11].

With the carrier frequency chosen as a constant, the next step was to
determine a selection of isochronic frequencies to vary. As shown
earlier, prior art gives a number of choices for frequencies to use, and
for this round of testing, having frequencies with even spacing between
them will allow the recording of changes in a more even distribution.
Therefore, the frequencies tested here were 4 and 10 Hz was also
included, as it has been used as a visual frequency in prior art, and falls
within the specified frequency range. In addition, this is close to a
multiple of 6x the listed maximum for human finger tapping, or 10.002
Hz.



In order to ensure subject safety, it is necessary to exclude potential
subjects who have a history of seizures, but also to minimize this risk
within the testing procedure itself; this is one of the primary reasons
why the tones are presented in audio as opposed to visual. The key
frequency to avoid is 15 Hz, which is given in prior art as the
frequency with the greatest risk of seizures, with the risk decreasing
linearly on either side. Further seizure risks not covered in this study
include the color red, stripes, and alternating light and dark patterns
[12]. Whilst this has been primarily reported in visual stimulation only
so far, it is important not to undergo unnecessary risks in experimental
work. Specifically, reflex epilepsy can be trigger by environmental
stimuli, not only visual, or photosensitive epilepsy, but also audio from
music or human voices.

Separate four-way ANOVA was performed on each of the three
outcome measures (Accuracy, Mean Sequence Times, Total # of Error
States) with two between factors Gender (Male, Female) and Formal
Musical Education (Training, No Training), and two repeated
measures factors Repetition (First, Second) and Block (Pre,
Stimulation, Post).

Subsequently, to investigate the effects of different frequencies of
stimulation, data from the conditions where auditory stimulation was
present were analyzed. Separate three way repeated measures ANOVAs
were performed on each of the three Responses (Accuracy, Mean
Sequence Times, Total # of Error States), with two between factors of
Gender (Male, Female) and Formal Musical Education (Training, No
Training) and the repeated measure factor of Tone Frequency (4 Hz, 10
Hz).

All variance analyses performed on the data used p<0.05 as the
probability level to accept statistical significance. Post hoc comparisons
using both Bonferroni and the less conservative Tukey multiple
comparisons tests showed very similar outcomes, so it was decided to
report Bonferroni. For Accuracy and Mean Sequence Times, n=30, for
Total # of Error States, n=27, as three Subjects had to be excluded due
to technical reasons.

Results
Three separate ANOVAs with two repeated measures (Time (Pre,

Stimulation, Post) and Repetition (First, Second)) were used to
investigate the effects of auditory stimulation and motor learning on
three outcome measures: Mean Sequence Time, Accuracy and Number
of Error States.

Both main effects of Time and Repetition on Mean Sequence Time
were significant (F(2,52)=37.94, p<0.0001 and F(1,26)=54.83,
p<0.0001, respectively). Speed of typing increased during the second
half of the experiment, with the mean (SD) Sequence Time reduced
(Table 1) from 2.51 (0.08 s) during the first three blocks (First
Repetition) to 2.19 (0.66 s) during the last three blocks of trials
(Second Repetition).

Effect: Repetition Count Mean STD

First 90 2.51 0.74

Second 90 2.19 0.66

Table 1: Means table for sequence time effect: Repetition.

For the factor Time, post hoc comparisons showed that Mean
Sequence Time averaged across the two repetitions (Table 2) was

significantly shorter in the two Stimulation blocks of trials with
auditory stimulation (mean (SD) of 2.27 (0.72) s) than during the
preceding Pre blocks of trials without the stimulation (mean (SD) of
2.53 (0.74) s). However, Mean Sequence Time was not different in the
Post trial blocks (2.25 (0.67) when compared to the Stimulation blocks.

Effect: Time Count Mean STD

Pre 60 2.53 0.74

Stimulation 60 2.27 0.72

Post 60 2.25 0.67

Table 2: Means table for sequence time effect: Time.

Finally, there was a significant Repetition by Time interaction
(F(2,52)=6.66, p=0.003, Table 3; Figures 1 and 2). Post hoc
comparisons show that the decrease in sequence time in the
Stimulation block (when compared to the Pre block) was more
pronounced during the first Repetition than during the second
Repetition.

Repetition × Time Count Mean STD

First, Pre 30 2.77 0.71

First, Stimulation 30 2.4 0.75

First, Post 30 2.36 0.71

Second, Pre 30 2.3 0.7

Second, Stimulation 30 2.14 0.67

Second, Post 30 2.15 0.62

Table 3: Means table for sequence time effect: Repetition × Time.
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Figure 1: Interaction plot for mean sequence time.

Post hoc analysis using the Bonferroni multiple comparison
procedure demonstrated that Mean Sequence Time was shorter in both
blocks of trials where auditory stimulation was present when
compared to the preceding blocks with no auditory stimulation (blocks
1 and 4, respectively. At the same time, Mean Sequence Time was not
different between these two blocks with stimulation and the two
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subsequent blocks, as shown in Figure 2, where there is not a
significant difference between Stimulation and Post blocks.

Post-Pre

Stim-Pre

Stim-Post

Bonferroni Simultaneous 95% CIs

Differences in Means for Sequence Time (sec)

Figure 2: Bonferroni comparison plot for mean sequence time.

There were no significant main or interaction effects on Accuracy
except for the Gender by Musical Education interaction effect
(F(1,26)=5.43, P=0.03, Table 4).

Gender × Musical Education Count Mean STD

Female, No 30 94.15 4.74

Female, Yes 36 85.54 17.94

Male, No 72 86.08 11.65

Male, Yes 42 92.24 2.8

Table 4: Means table for accuracy effect: Gender × Music.

The effect of Time on Number of error States was significant
(F(2,46)=5.71, p=0.006) (Table 5). Post hoc comparisons revealed that
the number of error states was not different between the Pre and the
Stimulation blocks of trials. The same was true for the Stimulation
versus Post comparison. However, the difference between the Pre and
the Post blocks reached significance, probably because of the overall
increased number of typing sequences due to faster typing at the end of
the experiment.

Time Count Mean STD

Pre 54 20.15 17.22

Stimulation 54 22.56 14.82

Post 54 25.06 17.56

Table 5: Means table for error states effect: Time.

Post-Pre

Stim-Pre

Stim-Post

Bonferroni Simultaneous 95% CIs

Differences in Means for Total Error States (sec)

Figure 3: Bonferroni comparison plot for total error states.

In a subsequent analysis of only the trials where auditory
stimulation was present, we investigated the potential differential
effects of stimulation frequency (4 Hz vs. 10 Hz) on the three main
responses. The three-way ANOVA with factors Stimulation Frequency,
Gender and Formal Musical Training did not reveal any significant
main or interaction effects of frequency stimulation (Figure 3).

Discussion
Although the use of isochronic tones on upper extremity

sensorimotor learning and activity were not as pronounced as
expected, the results were nonetheless significant.

Whilst Tone Frequency did not have any significant effects on the 3
metrics chosen for this protocol, Tone vs. Pre-stimulation conditions
displayed a positive effect for Mean Sequence Times, giving shorter
times regardless of gender or Formal Musical Training. The lack of
significant increase or decrease in this metric for both Post-stimulation
conditions indicates a degree of retention of the effects of applied
Tones. Also, whilst there was an overall decrease in Mean Sequence
Times from the first to the last block for each subject, the Tone block
effects were more pronounced during the first Tone block, regardless of
frequency. As for an explanation for the reduction in sequence time
during Tone blocks, the cause is unlikely due to the Tone being a
distraction, as Post-Tone blocks are not significantly lower or higher
than the immediately preceding Tone blocks, and the overall decrease
of Mean Sequence Time from Block 1 to Block 6 for each Subject
occurs regardless. This supports the explanation that the presence of a
Tone enhances a process that is already present in each Subject. A
likely explanation is that Tones affect or enhance Subject vigilance, and
keep them alert to allow them to acclimate faster to performing a
repetitive upper extremity unimanual task.

Despite the lack of significant effects on Accuracy due to Tones, the
interaction effect of Formal Musical Training and Gender did reveal
within each gender, higher Accuracy and a smaller Standard Deviation
for Female Subjects without training, whilst Male Subjects
demonstrated lower Accuracy, and a larger Standard Deviation.
Though this result alone cannot universally support the assertion that
Formal Musical Training assists with repeating sequences and doing so
with reduced variation, there is room in possible future studies to
examine this further.
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The metric of Total Error States was not affected significantly by
Tone vs. No-Tone conditions. The only noteworthy finding here is that
it is significantly affected by fatigue, with Post-testing blocks on
average giving more Error States than Pre-testing, though whether the
length or distribution of these Error States within each block is
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significantly affected is a topic for future research. Furthermore, whilst
all the tones in this experiment utilized sine waves as components, it
may be the case that square or triangular waves have different effects
on subject metrics if all other tone parameters remain unchanged.

Finally, in examining Tone testing blocks only, the lack of significant
effects on any of the three metrics shows that the frequencies chosen
for this study are not significantly different, though this does not
preclude other frequencies from being significantly different, especially
those closer to the maximum human tapping rate.

It is also useful to note that in prior work by Mentis et al., the use of
audio tones was presented for longer durations than the 6 min used in
this study, such as 10 min or 30 min; therefore, it may be necessary to
have longer stimulation duration to achieve more statistically
significant effects. The difficulty here is that including the before,
during and after conditions for each additional specific frequency adds
time spent on a session, and to avoid subject fatigue or acclimation to
the sequence it is necessary to avoid a total testing time longer than
approximately an hour. Having a subject test on successive days to try
different sequences is a possibility, but the effects of acclimation are
greater, as is the difficulty of fitting testing sessions to conform to
subjects’ schedules. There may be combinations of varying the
durations of each of the a-b-c conditions such as maintaining the b/
during condition for 6 min and reducing the a/before and c/after each
to under 6 min, but at this stage it is unclear which combinations to
aim for.

Also, as mentioned previously, given the maximum human finger
tapping speed of 1.667 Hz, none of the audio frequencies used thus far
overlap directly with this tapping range. It may be that for repetitive
motor actions, audio frequencies that overlap with motion range have
a significantly more pronounced effect on successive motions than on
frequency ranges for brain activity.

The use of neurotypical subjects may not display significant effects
in all metrics, and instead those with deficits, such as chronic post-
stroke subjects, may display greater changes. Future work may also
need to include an isochronic tone closer to the measured optimal
human finger tapping rate of 1.667 Hz as determined by Keele et al., to
determine if entrainment effects occur at a lower frequency range for
the fingers than what has been used thus far. Alternatively, using tones
with each of the isochronic frequencies chosen from multiples of 1.667
Hz may have noticeable effects.

Though not as strenuous as walking, typing requires integrating
audio, visual and tactile information. As this was a self-paced activity,
subjects’ attention was split between perception of external stimuli and
internal rhythm generation [13].

It has been found in prior work that closed-loop auditory feedback
on walking with Parkinson’s subjects, results in improved walking
speed and stride length; and compared to open-loop it has residual
effects-suggesting that it could be integrated into existing therapy
programs [14]. In contrast, because the activity performed in this study
gave tactile feedback in a closed-loop fashion, whilst the auditory Tone
stimulation was open-loop, it is plausible that their sequence tapping
negated a portion of the effects due to the Tones.

Using custom isochronic tones allows precision over the testing
materials in not only frequency but in duration and waveform shape.
Combining this with keyboard-derived unimanual sequential finger
tapping metrics allows the measurement of significant changes across
subjects.

Conclusion
Whilst there were no statistically significant effects of Tone

frequency on Accuracy, Mean Sequence Time or Total Error States,
Tone conditions did result in shorter Mean Sequence Times compared
to Pre-Stimulation conditions.

In summary, it is highly unlikely that there is entrainment occurring
during audio tones with isochronic frequencies above the maximum
human finger tapping speed, as the pace is simply too fast for the
human hand to match and stay in time to. However, if testing is
performed in 6 min blocks accompanied by isochronic frequencies
above the maximum human finger tapping speed, a self-paced
unimanual task will not be affected by tone frequency, but the use of
audio tones will result in improved Mean Sequence Time.

Potential future studies can include using one or more isochronic
tones below that of maximum human finger tapping rates, or
combining these with more complicated upper extremity sensorimotor
tasks. In addition, whilst retention was not tested directly during this
study, it remains a potential attribute to test for future work.
Ultimately, if there exist larger effects under more specific
circumstances, then it is necessary to clarify and study these for
potential benefits to workplace activity; and the results found here can
provide a foundation for future work.
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