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Research Paper: The Differences in Sensorimotor 
Rhythm Power During Performing In-Phase and 
Anti-Phase Patterns in Bimanual Coordination

Purpose: The sensorimotor cortex oscillations (frequency ranging between 12 and 15 Hz), 
commonly known as Sensorimotor Rhythm (SMR) has previously displayed a promising link 
between the performance of the visuomotor related to skill execution and part of psychology that 
is adaptive (e.g. the process linked attention which is automatic). This study examined the extent 
of SMR power in the execution of both in- and anti-phase patterns in bimanual coordination tasks 
at different speeds. 

Methods: The present study used a quasi-experimental method. Study participants (n=40, 
aged: 19-24 years) were selected using convenience sampling method. Study participants were 
subjected to the 2 bimanual movements with the wrists speed levels ranging from slow to fast; 
while taking simultaneous records of the EEG. The neurofeedback consisted of SMR frequency 
of 12-15 Hz at C3 and C4. Data analysis consisted of descriptive statistics and 2-way repeated 
measures Analysis of Variance (ANOVA) using SPSS. Examination of post-hoc results of 
importance was conducted using Bonferroni correction paired comparisons. P=0.05 was set as 
the significance level. 

Results: The results suggested that SMR power was higher in anti-phase compared to the in-
phase model. In addition, the manipulation of bimanual speed affected the SMR power by 
increasing it in the anti-phase when the speed increased. However, the SMR power did not raise 
when the in-phase pattern was conducted. 

Conclusion: Further attention is needed in the anti-phase model as it requires greater SMR 
power wave. Moreover, with increasing speed, the amount of SMR power can perform a better 
bimanual linear task.
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1. Introduction

lectroencephalogram (EEG) is a powerful 
tool used for studying cortical excitability 
during motor performance [1, 2]. Atten-
tion is essential in motor skills prepara-
tion,  because attentional shift is important 
in elite athletes and competitive situations 

[3]. Sensorimotor Rhythm (SMR) is used to examine dif-
ferences in cortical activities. It is also an indicator of 
attention [4]. Moreover, it is inversely associated with 
sensorimotor activity of the cortex. SMR training inves-
tigations indicate that people can increase the power of  
SMR to maintain accuracy and attention in performance 
[5]. Therefore, researchers should design neurofeedback 
trainings that can enhance the activity of SMR and to fa-
cilitate motor performance in  individuals. SMR training 
increases the working memory capacity and the focus of 
attention, which  improves the preparation of motor ac-
tion [6] and elevates the mood [7].

Expert athletes show more particular cortex activities 
than novices during planning and performing move-
ments [8]. For example, expert athletes show reduced 
verbal-analytical processes in left temporal regions [9] 
and increased SMR power at Cz4 [10]. Cheng et al. 
examined the SMR differences in novices and expert 
dart players. Their results demonstrated a higher SMR 
power before the throw in skilled players [4]. There-
fore, the motor task can be performed more accurately 
by increasing the SMR power waves. Thus, the motor 
perception decreases following an increase in SMR ac-
tivity, to develop focus and relaxation as a result of the 

diminishing processes of the somatosensory elements. 
Furthermore, Doppelmayr and Weber discovered that 
besides significantly increasing the SMR amplitude, the 
augmented SMR training positively affects the spatial-
rotation ability and decision-making reaction time [11]. 
The present study aimed to examine whether various 
amounts of SMR power waves are required when per-
forming bimanual coordination activities in either of the 
2 opposite phases.

An appropriate performance of bimanual movements 
is constrained  by essential principles of coordinative 
behaviors [12-16]. The relative phases of 00 and 1800 
in the in-phase and anti-phase, create stable coordina-
tion patterns, respectively, in terms of the upper limb in 
the horizontal plane [14-16]. The in-phase coordination 
mode involves simultaneous activation of the homolo-
gous group of muscles by concurrent mirror symmet-
ric movements away and towards the body through the 
body centerline [14, 17, 18]. Simultaneous movements 
from one side of the body to the other through the mid-
line of the body produce iso-directional (parallel) pat-
terns of movements in the natural space that generate the 
anti-phase coordination mode [17, 19, 20]. The in-phase 
coordination does not change after an increase in the fre-
quency of movement, while the anti-phase coordination 
becomes unstable. An eventual spontaneous transition is 
achieved in the in-phase, if the increasing frequency is 
not opposed [12, 21, 22].

Kelso suggested a task in both fixed patterns includ-
ing the 00-relative phase and 1800-relative phase, to 
study the movements of 2 limbs. Increasing the mo-
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Highlights 

● Higher sensory-motor rhythm power is associated with better motor control.

● Specific higher sensory-motor rhythm  improves bimanual coordination. 

● The sensorimotor rhythm can enhance the motor control of people with motor disorders.

Plain Language Summary 

Neurofeedback Training (NFT) is a method to treat pain. In addition, NFT has positive effects of on chronic pain, 
attention-deficit/hyperactivity disorder, enhancement of motor performance, and cognitive flexibility. In this paper, 
we demonstrate that bimanual coordination accuracy and consistency is more associated with higher Sensorimotor 
Rhythm (SMR), and particularly during the anti-phase of bimanual coordination. SMR neurofeedback training can 
be recommended as add-ons to standard care to improve motor control and reduce motor function impairment among 
patients with motor disorders. The current study adds to the literature in an important way indicating that higher SMR 
power has benefits for both in-phase and anti-phase bimanual coordination patterns.
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tion speed significantly affects the anti-phase [12, 21]. 
However, the model lacks observable effects on the 
in-phase design. The anti-phase pattern variably cor-
rupts, changes and reduces its precision, by the gradual 
increase of rate or motion [13, 23]. This finding sug-
gests that the in-phase does not readily change, com-
pared to the opposite patterns [17, 24]. In other words, 
the required attention process is more extensive in the 
anti-phase than in-phase patterns. We employed a task 
in the bimanual coordination of the 00-phase and the 
1800-phase models using movements of flexion and 
the extensions. The study participants used visual, pro-
prioception or audition feedback loops to extensively 
control the limbs, in order to investigate the continuous 
nature of the bimanual actions.

EEG studies strongly suggest that cortical activity, 
related to the band-limited EEG analysis, demonstrate 
the cognitive processes with remarkable functionality 
and provide more information than wide EEG analysis 
[25, 26]. Therefore, we examined the waves separate-
ly in the present study. However, the question raised 
based on the presented material is whether the SMR 
power differs between the anti-phase and in-phase pat-
terns. Also which coordination patterns requires more 
SMR power, in case of any differences. In addition, 
we compared SMR power at different speeds of each 
model. This designed experiment also investigated the 
changes in the performance and stability of bimanual 
coordination models at varying movement speeds. This 
study also explained how they differ from each other 
with respect to the degrees of SMR power.

2. Materials and Methods

This was a quasi-experimental study with factorial 
design. The statistical population included all non-
physical education major students of Shahid Beheshti 
University. Study participants were selected using con-
venience sampling method. All participants were right-
handed (according to E.H. Inventory; Oldfield) [27]. 
The samples aged between 19 and 24 years with the 
mean age of 21 years. They were included according 
to standardized self-report auditions, the Snellen chart 
test, and lack of any diagnosed neuromuscular, motor 
and/or sensory disorders. The health conditions of the 
participants were investigated using a questionnaire. 
These questionnaires were completed prior to obtain-
ing the informed consent forms, in order to assess the 
subjects with regard to the inclusion criteria of the 
study. The findings of present study could be applicable 
for improving the motor performance in healthy young 
males by means of SMR neurofeedback training.

Study procedure

The ProComp Infiniti (2180 Belgrave Avenue, Mon-
treal, QC H4A 2L8 Canada) encoder is a computerized 
biofeedback data acquisition device with 8 multi-modal 
channels for real-time recording. It has 8 pin sensor in-
puts and 2048 s/s and 256 s/s samples of 2 and 6 chan-
nels, respectively. The ProComp Infiniti encoder can ob-
jectively read a broad scope of clinical and physiological 
signs for observation and biofeedback. We reorganized 
functionality applying BioGraph software. 

Only wrist movements of the flexion and extension in-
clinations from the centerline of the body were permit-
ted. Linear potentiometers were symmetrically attached 
to the slides (Bourns Instruments, Riverside, CA). These 
actions provided  data regarding the changing distances 
of the handle with a 20-s sequence. An 80486 micro-
processor was employed to sample the data within the 
range of 150 Hz. A National Instruments software; Lab-
Windows started and stopped at 20-s sequences while 
presenting the captured data of the position of the limb 
in a time frame. The position signals were rectified with 
asymmetrical (triangular) Bartlett  filter. The velocity 
time signals were obtained using the impulse of local-
ised points by the 2-point CDA (central difference algo-
rithm). We also applied Bartlett software prior to further 
rectification. The formula adapted from Kelso [12, 21] 
and the smoothed time-series of position and velocity 
were applied to compute every component of the near 
continuous phase of the sequences. 

ɸR=tan-{(dXR/dt)/XR})

The right wrist phase at every selected XR provides the 
location of the right wrist with an adjusted scale to the in-
terval (-1 , 1) in every complete oscillation, while (dXR/
dt) provides its standardized velocity at each instance.  
We used the same formula for the left wrist calculations 
of velocity and position signals. The phase relating the 2 
wrists was calculated by the following formula:

φ=ɸR-ɸL 

The mean Absolute Error (AE) of the relative phase 
was a mirror image of deviation from the intended rela-
tive phase (0° for the in-phase mode and 180° for the 
anti-phase mode) (precision coordination). An auditory 
metronome (NCH Swift Sound Tone Generator, version 
2.01) provided information on the changing pace for the 
increasing speed of bimanual activity [28].
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Initially, the resting EEG of the subjects were recorded. 
This consisted of a shifted condition of simultaneous clos-
ing and opening of one eye. The EEGs were recorded at 2 
electrode sites (C3, C4) corresponding to the international 
10-20 system [29]. At first, every site had an AI as the ref-
erence, then it was re-referred to linked offline ears. EEG 
data were collected and amplified using ProComp Infiniti 
system by BioGraph software. EEG signals were record-
ed online. BioGraph Infiniti software was installed on a 
Lenovo 8023 laptop. C3 and C4 for SMR power were the 
position of the electrode with the reference set on the right 
ear. The signal was changed, and the band was rectified to 
produce the 12 to 15 Hz SMR wave. Each participant was 
then oriented to the task.

A wrist extension and flexion in the left-right dimen-
sion task, required the participants to grasp 2 handles on 
a moving slide and move them horizontally. Each partici-
pant produced the 2 opposite phased patterns, while hold-
ing both handles. All study participants moved their hands 
continuously toward and then away from each other in a 
symmetrical manner to activate the homologous flexors 
and extensors wrist muscles, during the in-phase pattern. 
The hands moved in unison and in an iso-direction, during 
the anti-phase pattern. The homologous group of muscles 
contracted in an alternating manner in this phase. The sub-
jects were then instructed to keep up with the pace of a 
metronome by conducting a complete displacement of the 
handle in a cycle of in-out-in time beats. The metronome 
facilitated the required frequency or speed gradually, from 
a 20-s frequency of 58 B/M. After the low-speed 20-sec-
ond trial, a middle range frequency of 90 B/M was paced 
in the same coordination activity, before the final subse-
quent 152 B/M was used. 

EEG sections with 6 amplitudes beyond ±100 μV were 
excluded from the analysis. Seven EEG data without any 
artifacts were taken. Hanning window (50%) was applied 
to these segments and thereafter Fast Fourier Transform 
(FFT) was used to calculate mean power spectra in the 
SMR (12-15 Hz). The SMR power was computed using 
the 12 to 15 Hz averages from C3 and C4, before trans-
forming the natural logs.

Statistical analysis

The obtained data were analyzed by descriptive statis-
tics and 2-way repeated measures Analysis of Variance 
(ANOVA) (2 bimanual coordination patterns ×3 speed), 
using SPSS. Examination of post-hoc results of impor-
tance was conducted using Bonferroni correction paired 
comparisons. P=0.05 was set as the significance level.

3. Results

Two-way repeated measures ANOVA results for the 
SMR power (Figure 1) revealed the significant main 
effect for speed (F2=1.35, P=0.001). Also, the primary 
effect of bimanual pattern was significant (F1= 7.39, 
P=0.001). The interaction effect of speed and bimanual 
pattern was significant (F2=1.27, P=0.001) (Table 1). 
The Bonferroni was used for more analysis of the two-
way interaction of significance for bimanual pattern × 
speed. In anti-phase pattern, speed significantly affected 
all conditions (P=0.001). Through the pairwise compari-
sons, a major increase of SMR power were noted be-
tween slow versus medium pace (P=0.001), slow ver-
sus fast pace (P=0.001) and medium versus fast pace 
(P=0.001). These observations indicate that the increas-
ing movement speed strongly influences the SMR power 
in the anti-phase coordination mode. In addition, pair-
wise comparisons between conditions reveals that the 
study participants produced in-phase movements with 
similar levels of SMR power during slow speed, average 
speed and fast speed (all P>0.4).

The results of two-way repeated measures ANOVA for 
the AE scores in the bimanual coordination mode (Fig-
ure 2) revealed a significant primary effect for bimanual 
patterns (F1=7.39, P=0.001) and the primary effect for 
speed was significant (F2=1.35, P=0.001). The interac-
tion effect of bimanual modes and the pace was pro-
nounced at (F2=1.27, P=0.001) (Table 2). The two-way 
interactional significance for speed × sensory condition 
was presented to the Bonferroni Test for further analysis. 
The in-phase mode results indicated a pronouncement 
with the same level of consistency across the 3 differ-
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Table 1. Results of two-way repeated measures ANOVA for the sensorimotor rhythm power at different speeds

Source df Mean F Sig. Partial Eta Squared

Bimanual patterns 1 289.91 330.04 0.001 0.89

Speed 2 11.99 11.83 0.001 00.233

Bimanual patterns* speed 2 9.54 11.99 0.001 00.235

* Interaction effect
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ent speeds. The anti-phase results, however, indicate that 
the effects of speed were significant for all (P=0.001). 
A notable significant increase of AE results on slow 
versus medium pace (P=0.001), slow versus fast pace 
(P=0.001) and medi um versus fast pace (P=0.001) were 
noticed through the pairwise comparison. These ob-
servations suggest that the increasing movement speed 
strongly influences the performance of anti-phase coor-
dination model.

4. Discussion

Several strategies are available in which neurofeedback 
training proves to be a prominent example to enhance 

skills [30]. Moreover, a wealth of evidence from experi-
mental, cross-sectional, and longitudinal studies suggests 
that the neurofeedback training is useful in the perfor-
mance of athletes [31]. However, the role of neurofeed-
back in the performance of bimanual coordination and its 
impact on increased speed in the execution of the move-
ment patterns is limited. There is no appropriate theory 
or prior research findings on the differences of the SMR 
power between in-phase and anti-phase patterns [32]. 

The status of this wave is not entirely understood. 
Therefore, the present study investigated the above-
mentioned issues. The experiment was designed to 
examine the SMR power during performances of the 

Table 2. The results of two-way repeated measures ANOVA for the error of relative phase

Source df Mean F Sig. Partial Eta Squared

Bimanual patterns 1 5026.004 7.390 0.001 0.99

Speed 2 1464.217 1.352 0.001 0.97

Bimanual patterns* speed 2 1503.762 1.273 0.001 0.97

* Interaction effect
 

 

Figure1: The Sensorimotor rhythm power in the in-phase and anti-phase bimanual coordination in 
different speed. 

 

 

 

Figure2: significant main effects for bimanual coordination pattern {F(1)= 7.39, p=0.001}and, significant 
main effects for speed {F(2)= 1.35, p=0.001} and significant interaction effect of bimanual patterns × 
speed{F(2)= 1.27, p=0.001}. 
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Figure 1. The sensorimotor rhythm power in the in-phase and anti-phase bimanual coordination at different speeds
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2 fundamental phase patterns in the coordination of 
bimanual task at different speeds. Healthy individuals 
participated in this study. They were requested to use 
their hands (wrists) while EEG was recorded during the 
2 opposing phase movements. The results suggested 
that SMR power was greater in the anti-phase setting, 
compared to the in-phase.

It is concluded that SMR may be an indicator of the 
attentive effort, which is intense in anti-phase pattern. 
However, it is insufficient to compensate for the dis-
rupting constraints that hamper the anti-phase coupling. 
These results indicate that SMR power is essential for 
a skillful performance of the bimanual task. When the 
speed was increased, the study participants performed 
anti-phase coordination tasks with higher SMR power. 
In other words, the SMR power is an indicator of ac-
curate performance. 

These findings are mainly supported by observations 
from previous studies where SMR power was essential 
for performance enhancement [10, 11, 31, 33]. Further-
more, SMR is considered as an indicator for activating 
the cortex that related in the automatic process-related 
attention and skilled visuo-motor performance [34, 35]. 
Additionally, SMR power that is augmenting might alter 
the processes associated with attention. This process oc-
curs through the enhancement of impulse control and the 
power to combine critical environmental stimuli [36]. 

According to the increased SMR activities, the senso-
rimotor cortex maintains the relaxed and focused states 
through reduction of the motor perception (e.g. so-
matosensory processing) [5]. This finding is consistent 
with the principle of automaticity mentioned previous-
ly [37]. Based on learning model of Fitz and Posner, 
abundant evidence suggests that peak performance is a 
sense of relaxation [37]. Thus, neurofeedback training 
can be used in several sports and exercise sessions to 
improve skills. These findings are consistent with Dop-
pelmayr and Weber’s conclusions [11]. They revealed 
that augmented SMR neurofeedback training results in 
a significant facilitation of spatial rotation task perfor-
mance. The spatial rotation ability is necessary to per-
form specific bimanual tasks [11]. 

Neurofeedback is a tool for instruction and therapies in 
neurological procedures [38]. Studies suggest that apply-
ing neurofeedback training can convert abnormal brain 
rhythms and frequencies to the normal ones [39]. Neuro-
feedback has been formed based on the mind-body con-
nection theory that includes training the brain to increase 

operating capabilities and optimal manner to experience 
optimal states of mind [40].

Part of this experimental investigation was to study the 
function of speed and coordination of movements. In-
creasing speed enhanced activity of the 1800 anti-phase 
model, but failed to affect the 00 in-phase model. With 
gradual increase in speed, the stable 1800 anti-phase 
became weak and less stable. This occurs with growing 
precision and decrease in flexibility. However, the de-
sign in the 00 in-phase did not change across various fre-
quencies. This is a replication of the findings from earlier 
research [12, 21, 22, 28].

Considering the potential applications of this research, 
sports experts, psychologists and coaches can observe 
the results of this study in performance enhancements. 
If there is such an effect on SMR power and bimanual 
coordination task, we can adopt the best strategies for 
the development of these useful factors on motor perfor-
mance and learning in bimanual coordination task. The 
most useful deduction from this research is that SMR 
neurofeedback training could enhance accuracy in bi-
manual coordination. The SMR neurofeedback training 
can be considered as a training protocol to improve bi-
manual coordination performance. However, applying a 
cross-sectional design was a limitation to our study.  Fu-
ture studies are recommended to examine the obtained 
results through longitudinal designs. 
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