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Abstract

Background: The push-up is a widely utilized closed kinetic chain exercise for
upper body strength training, characterized by its versatility in hand positions. To
elucidate the mechanisms underlying push-ups performed with varying hand positions,
numerous studies have investigated differences in individual joint and muscle variables
between these variations and standard push-ups. However, the underlying multi-joint
neuromuscular control strategies remain unclear. This study aims to identify different
neuromuscular control strategies by comparing muscle synergies across four push-
up variations with standard push-ups. Methods: Thirteen male fitness enthusiasts
participated in this study, performing five push-ups each with various hand positions:
standard push-up (SP), wide grip push-up (WGP), narrow grip push-up (NGP), internally
rotated push-up (IRP) and externally rotated push-up (ERP). Electromyographic (EMG)
activity of ten major muscles in the dominant right upper limb was recorded. Muscle
synergies were extracted using non-negative matrix factorization. Results: All push-up
variations can be decomposed into two muscle synergies. More differences were seen in
Synergy 1 compared to SP: WGP had higher posterior deltoid (p = 0.001, d =—1.571),
NGP had higher triceps brachii (p < 0.001, d =—1.816) and upper trapezius (p < 0.001,
d =—1.843), and ERP had lower flexor carpi ulnaris (p = 0.005, d = 1.437) and extensor
carpi radialis (p = 0.011, d = 1.346) but higher biceps brachii (»p = 0.002, d = —0.858)
muscle weights. Synergy 2 showed higher similarity across variations. Conclusions:
Hand position variations do not alter the number of muscle synergies but modify their
patterns. More differences occur in the centrifugal to nadir phase (Synergy 1). Therefore,
a greater focus of attention on the centrifugal phase may be more effective in achieving
the training effect of each type of push-up.

Keywords
Muscle synergy; Strength training; Biomechanics; Non-negative matrix factorization

1. Introduction

Push-ups are a widely used and easy-to-perform method of
closed kinetic chain (CKC) upper body strength training [ 1, 2],
effective in exercising the muscles of the shoulders and arms
[3]. The versatility of the push-up allows for a variety of hand
positions [1, 4, 5]. To elucidate the mechanisms underlying
push-ups performed with varying hand positions, previous
studies examining the upper limb dynamics of push-ups with
different hand distances and the degree of electromyography
(EMGQG) activation of muscles have concluded that standard
push-up (SP) produce greater elbow torque [6]. However,
narrower grip push-up activate the triceps brachii (TB) and
pectoralis major (PM) muscles more [5], and wider grip push-
up put more stress on the medial aspect of the hand [7]. Ad-
ditionally, research suggests that push-ups with internal palm
rotation put more stress on the elbow joint compared to external

rotation [8]. However, these studies have focused on how

changes in hand position affect individual joints and muscles
[5, 8], whereas push-ups involve multiple joint muscles in the
upper limb [9], leaving the coordination between multi-joint
muscles and the strategies for neuromuscular control unclear.

Muscle synergy can be explained as the central nervous
system (CNS) streamlining movement generation by incor-
porating specific muscle activation patterns to optimize per-
formance [10, 11]. EMG data from multiple muscles can
be used to extract these synergies, reflecting the neuromus-
cular control strategies employed during movement [10, 12,
[3]. Studies on shoulder muscle synergies for different arm
movement directions in upper limb open kinetic chain (OKC)
movements indicate that shoulder muscles can synergy well
in basic movements [14]. Additionally, muscle synergy can
elucidate the neuromuscular coordination involved in skilled
athletes’ throwing [15]. Studies of muscle synergy in vari-
ous gestural movements have shown that muscle synergy can
respond to different coordination patterns in different upper
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limb movements [16]. Muscle synergy has also been used
to elucidate neuromuscular control strategies for lower limb
CKC movements, such as changes of direction, revealing
partial differences in muscle synergy for directional changes
at different angles [17].

Existing studies have shown that the level of EMG activation
of upper limb muscles varies according to hand position during
the upper limb CKC exercise push-up [5]. These positional
variations may affect multi-joint muscle synergies and have a
more precise identification of the level of force in the neuro-
muscular control strategy reflected by muscle synergies com-
pared to the degree of EMG activation [ 1 8]. Understanding the
differences in neuromuscular control strategies for push-ups
with different hand position variations could improve the use
of push-up exercises and help develop more effective targeted
training programs [19].

The SP is a widely used training method. Therefore, this
study aimed to examine differences in muscle synergy across
four hand position variations of push-ups (wide grip, narrow
grip, internally rotated and externally rotated) compared to the
SP, to identify differences in neuromuscular control strategies.
We hypothesized that each push-up variation would exhibit a
distinct muscle synergy pattern compared to standard push-
ups. We believe that this study may provide new insights into
optimizing push-up training methods.

2. Methods

2.1 Subjects

A total of 13 male right-handed college fitness enthusiasts (age,
21.1 & 1.6 years; height, 175.25 + 5.10 m; weight, 76.52 +
5.14 kg; training experience, 5.1 £ 2.1 years; mean =+ standard
deviation) from the college of physical education participated
in this experiment. These were asked to train in the gym no
less than three times a week for no less than two hours each
time, and to be able to easily complete various variations of
push-ups. Participants were recruited between September and
October 2024. Sample size calculation was conducted using
G*Power 3.1.9.2 software (Heinrich Heine University Diis-
seldorf, Diisseldorf, NRW, Germany; one group of subjects,
repeated measurements five times, f = 0.25, o = 0.05, 8 =
0.8, Corr = 0.7), indicating a minimum requirement of 13 par-
ticipants. Participants had no upper extremity neuromuscular
disorders, no history of upper extremity surgery, and no upper
extremity injuries within the past six months. Each participant
provided written informed consent after a detailed explanation
of the testing protocol, possible risks involved, and their right
to terminate participation at any time. All procedures were in
accordance with the Declaration of Helsinki 1975, as revised
in 2013, and were approved by the Jeonbuk University Ethics
Committee (JBNU2022-04-008-002).

2.2 Experimental procedure

All experiments were conducted between 15:00-17:00 each
day. Participants were asked to refrain from eating for two
hours, consuming caffeine for eight hours, drinking alcohol for
48 hours, and did not perform upper body strength training for
48 hours prior to the experiment. All participants performed
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a standardized warm-up for ten minutes, consisting of full-
body exercises and dynamic and static stretching of the upper
extremities, at the end of which familiarisation exercises were
performed on five push-up movement patterns. A five-minute
rest period was then taken to allow body temperature and
oxygen consumption to return to baseline levels before the
push-up test [20]. Each participant was asked to perform SP
and four variations of push-ups with different hand positions
[8, 21]: widely grip push-up (WGP), narrow grip push-up
(NGP), internally rotated push-up (IRP) and externally rotated
push-up (ERP) (Fig. 1).

The position of the participant’s hands of SP was defined
as measured from the medial border of each hand, with a
width equal to the distance between the crests of the shoulders,
identified using a plumb line [5], with the hands placed under
the shoulders in the starting position, characterized by full
extension of the elbows. The distance between the two hands
of WGP was approximately 150% of the shoulder width. The
distance between the two hands of NGP was approximately
50% of the shoulder width. The palms were rotated 90°
internally for IRP from the initial standard push-up position
with the palms forward as a neutral reference position. The
palms were rotated 90° externally for ERP from the initial
standard push-up position with the arms at the participant’s
sides. The depth of all push-ups was uniformly less than 90
degrees of elbow flexion [22]. A metronome was used to
control the tempo of the push-ups [1], as fast-cadenced push-
ups have higher levels of strength and power output compared
to slower cadences [23]. A cadence of two seconds for both
concentric and eccentric movements has been shown to be
effective in increasing upper body strength [24], so participants
were asked to complete a push-up every four seconds. To
avoid fatigue, each push-up was repeated five times, the type
of push-up test was randomised, and a 90-second rest period
was allowed between each type of push-up test.

2.3 Data collection

EMG data were collected using 10 wireless surface EMG
sensors (Trigno Avanti, Delsys, Natick, MA, USA) equipped
with dual differential rod (Ag) electrodes (2.7 x 3.7 cm) with
a 10-channel 1200 Hz sampling frequency [25]. During push-
ups, the sensors were placed on the flexor carpi ulnaris (FCU),
extensor carpi radialis (ECR), biceps brachii (BB), triceps
brachii (TB), anterior deltoid (AD), posterior deltoid (PD),
pectoralis major (PM), serratus anterior (SA), upper trapezius
(UT) and latissimus dorsi (LD) muscles of the right upper
limb, and the locations of sensor placements were referenced
to the Atlas of Muscle Innervation Regions. Skin preparation,
including cleansing and shaving, was performed on the sensor
placement sites prior to placement to reduce contact surface
impedance between the skin and the electrodes [26]. The
sensors were secured using kinesio tape [27]. Kinematic data
from push-ups were acquired at an acquisition frequency of
120 Hz and synchronized with EMG data using a 13 infrared
camera Motive 2.2.0 (OptiTrack, Natural Point, Inc., Corvallis,
OR, USA) motion capture system with two reflective marker
points affixed to the shoulder crest (to synchronize the time
data) [28].
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FIGURE 1. Push-ups in five hand positions.

2.4 Data processing

The acquired data was imported into Visual 3D software (C-
Motion, Inc., Germantown, MD, USA) for processing, and the
kinematics of the shoulder crest trajectory was filtered using
low-pass filtering (6 Hz, Butterworth filter, 4th order) to trun-
cate the stage of completion of each push-up according to the
kinematic data of the shoulder crest [29]. Since there is a delay
between EMG and muscle contraction, the EMG data were
intercepted and exported with a delay of 30 ms between EMG
and movement [30]. The exported EMG data were processed
in MatlabR2021a (MathWorks, Natick, MA, USA), filtered
using band-pass filtering (20450 Hz, Butterworth filter, 4th
order), followed by low-pass filtering (6 Hz, Butterworth filter,
4th order), full-wave rectification, extraction of the linear en-
velope and normalization to 101 data points [31, 32]. Al EMG
data were normalized to the maximum activation in all push-up
movements, and the maximum activation level for each muscle
was derived [33, 34]. To demonstrate retest performance, one
of the two most relevant data sets was selected for each push-up
for the muscle synergy decomposition [15]. This was finally
collapsed to obtain the EMG matrix for each push-up.

To obtain the muscle synergies for each push-up, we used
a non-negative matrix factorization (NMF) to decompose the
EMG matrix and extract the upper limb muscle synergies for
each push-up [35, 36].

EMG matriz = M (synergy modules)

x P (synergy primitive) + error

The EMG matrix is a matrix consisting of m rows and n
columns of processed raw EMG data (m = 10 is the number of
muscles and n = 101 is the number of normalized time points).
M is a matrix m rows and x columns (x is the number of muscle
synergy) representing the muscle weights, i.e., the synergy
modules, P is a matrix x rows and n columns representing
the temporal activation of synergy modules, i.e., the synergy
primitive, and the error is the initial difference between the
EMG matrix and the difference between the reconstructed
EMG matrix (M x P). The algorithm is based on iterative
updating the initial random guesses of M and P, converging to a
locally optimal matrix decomposition. To avoid local minima,
it was repeated 20 times for each participant [14]. The least
costly solution (i.e., the squared error between the original
and reconstructed EMG was minimized) was retained. The
algorithm was used to decompose the EMG matrices of each
of the five push-ups to obtain the synergy modules and synergy
primitives.

To determine the number of synergy, we set the number of
synergy to be analyzed iterative between 1 and 10, and then
selected the synergy that had the lowest number of synergy and
accounted for a coefficient of variation (VAF) >95% [18].
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In order to classify the synergy modules and synergy prim-
itives for each push-up synergy effect, we set the number of
synergy effects x to k using the k-means clustering algorithm
[15, 17]. And considering that the k-means solution is af-
fected by the number of initial prime clustering primes, it
was repeated 50 times for different initial primes to reduce
randomness. We also calculated the contour scores of all
clustering results to evaluate the optimal clustering results, and
selected the results with the highest contour scores to output the
clustering synergy modules and their corresponding synergy
primitives [15, 17].

2.5 Statistical analysis

Pearson’s correlation coefficient was used to assess the sim-
ilarity within-group and between-group for the five push-up
synergy primitives (0.00 < » < 0.20 no similarity; 0.20 < r
< 0.40 weak similarity; 0.40 < r < 0.60 moderate similarity;
0.60 < r < 0.80 strong similarity and 0.80 < r < 1.00 very
strong similarity), with the significance set at p < 0.05. The
cosine similarity (CS) test was used for the within-group and
between-group similarity tests (the closer to 1 the higher the
similarity) for the synergy modules [15, 33], defining CS >0.8
as similar [33]. Since this study focused on comparing the
differences between the four variations of push-ups and SP,
paired-samples #-tests were used to compare the differences
between the weights of each muscle in the synergy module
between the four push-ups and the standard push-ups, as well
as the differences in the maximum muscle activation. All data
analyses were performed in MatlabR2021a, and the normality
of the data set was confirmed by the Shapiro-Wilk test (p >
0.05).

3. Results

3.1 Number of synergies

The VAF was calculated for each push-up with the number of
synergies set from 1 to 10. When the number of synergies
was set to 2, the average VAF for each push-up was greater
than 0.95 (SP VAF = 0.970 £ 0.009, WGP VAF = 0.969 +
0.014, NGP VAF =0.954 £ 0.018, IRP VAF =0.968 £+ 0.011,
ERP VAF =0.952 + 0.017), indicating that the neuromuscular
control strategies for each push-up were well explained with
this number of synergies (Fig. 2). Therefore, the number of
synergies was set to 2.

3.2 Characterization of synergy primitives

The two synergy primitives peaked sequentially in the tem-
poral order. A within-group correlation test of the push-
ups for each synergy primitive showed that the within-group
similarity for synergy primitive 1 was high, with all push-
ups showing strong similarity (» > 0.6) (Fig. 3). For synergy
primitive 2, all push-ups except ERP (» = 0.468) also exhibited
strong similarity (» > 0.6). The between-group correlation test
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revealed moderate similarity for SP with NGP (1 = 0.507,
r2 = 0.582) and ERP (r1 = 0.530, »2 = 0.550), while WGP
(1 = 0.669, r2 = 0.761) and IRP (»1 = 0.678, r2 = 0.796)
demonstrated strong similarity (Fig. 3).

3.3 Characterization of synergy module

The CS test for each type of push-up indicated that the within-
group similarity for each synergy module was high (CS >
0.8) (Fig. 4). Between-group similarity showed low similarity
between NGP and SP in synergy module 1 (CS = 0.768)

(Fig. 4).

3.4 Muscle weights

In synergy module 1, WGP exhibited higher PD (p =0.001, d =
—1.571) and lower PM (p = 0.004, d = 1.286) muscle weights
compared to SP, NGP exhibited lower ECR (p = 0.029, d =
1.070) and BB (p = 0.003, d = 1.593) muscle weights, but
higher TB (p < 0.001, d = —1.816) and UT (p < 0.001, d =
—1.843) muscle weights. Moreover, IRP exhibited higher SA
(» = 0.019, d = —1.030) muscle weights, and ERP exhibited
lower FCU (p = 0.005, d = 1.437) and ECR (p = 0.011, d =
1.346) muscle weights, but higher BB (p = 0.002, d = —0.858)
and UT (p = 0.003, d = —1.518) muscle weights (Fig. 5). In
synergy module 2 compared to SP, WGP had lower AD (p
=0.039, d = 1.027) muscle weights, NGP similarly exhibited
lower AD (p = 0.044, d = 0.876) muscle weights, IRP did not
differ in the weights of the respective muscles, whereas ERP
exhibited higher FCU (p = 0.021, d = —1.034), but lower TB
(»p =0.001, d = 1.732) and PD (p = 0.034, d = 0.970) muscle
weights (Fig. 5).

3.5 Muscle activation levels

Comparing the four push-ups with the differences in the degree
of activation of each muscle in the SP, the WGP demonstrated
lower UT (p = 0.032, d = 1.041) muscle activation, the NGP
demonstrated lower BB (p = 0.031, d = 1.040), but higher TB
(»=0.012,d=-1.275)and UT (p < 0.001, d =—2.180) muscle
activation, IRP exhibited lower AD (p = 0.019, d = 1.283)
muscle activation, while ERP exhibited lower FCU (p = 0.026,
d=1.181), higher BB (p < 0.001, d =-3.026), PM (p = 0.002,
d=-0.925) and UT (p = 0.004, d = —1.970) muscle activation

(Fig. 6).
4. Discussion

The purpose of this study was to compare the upper limb
muscle synergies in four variations of push-ups with SP to
investigate whether different neuromuscular control strategies
are employed. The findings confirmed our hypothesis, re-
vealing variations in muscle synergy patterns across the dif-
ferent push-up variations compared to the standard push-up.
All push-up variations could be explained by two synergies,
with peak activation occurring in the middle (during eccentric
descent to the nadir) and late (during concentric contraction)
phases of the push-up. These two synergies sequential ac-
tivation suggests that push-ups employ a relatively simple
neuromuscular control strategy [16]. The redundancy of the
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FIGURE 2. Mean VAF and standard deviation of the 13 participants from S push-ups with different number of synergies.

VAF: variance accounted for; SP: standard push-up; WGP: widely grip push-up; NGP: narrow grip push-up; IRP: internally rotated
push-up; ERP: externally rotated push-up.
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rotated push-up.
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human musculoskeletal system allows the CNS to select the
most effective motor solutions from a vast array of behavioral
options. Consequently, many studies have aimed to identify
the optimal parameters for upper limb motor control [37].
Research has also explored the computational mechanisms
between CNS and muscle control in upper limb movements,
such as throwing [15], shoulder movements [14] and gesture
changes in upper limb muscle synergy [16, 18]. However, the
acromioclavicular, sternoclavicular, glenohumeral and scapu-
lothoracic joints of the upper limb are typically described as a
kinetic chain [2, 38]. In contrast, push-ups are a CKC exercise
with distal joint fixation, resulting in most movement occurring
at the proximal joints [2, 38, 39]. This distal fixation reduces
musculoskeletal redundancy, simplifying neuromuscular con-
trol during push-ups.

Previous studies have recommended WGP to enhance PM
stimulation [5]. However, this study did not find a significant
increase in PM muscle weights or maximal activation in WGP
compared to SP. Interestingly, higher PM maximal activation
was observed in ERP compared to SP. The primary functions
of the PM muscles are shoulder flexion and adduction [40],
with the distal attachment on the crest of the greater tuberosity
of the humerus [41]. The humerus forms a smaller angle
relative to the trunk in NGP and ERP compared to SP, WGP
and IRP, resulting in shorter PM muscle length. Due to the
muscle force-length relationship, shorter muscle lengths may
recruit more motor units to generate the necessary tension [5].
This may explain the higher activation of PM in NGP and
ERP. However, this study does not negate the training effects
of WGP on PM. Muscle activation alone is insufficient to
evaluate muscle condition, as activation at different muscle
lengths cannot be directly compared [42]. Performing work
at longer muscle lengths may lead to greater stimulus and
faster fatigue [43]. Additionally, this study found increased
UT muscle weights and maximal activation in NGP and ERP
compared to SP. The distal attachment of the UT is on the
lateral side of the clavicle [41], and humeral elevation involves
scapular upward rotation, which elevates the lateral clavicle
[44]. A wider hand position increases the humeral angle,
reducing UT muscle length. Higher activation at longer mus-
cle lengths in NGP and ERP suggests better training effects
for the UT. However, excessive UT muscle activation may
attempt to compensate for the fact that SA causes the scapula
to rotate abnormally, disruption of the normal scapulohumeral
rhythm, leading to abnormal scapular motion and potential
impingement [45]. Assessing muscle activation in the context
of scapular positioning is crucial, as the moment arms of
shoulder muscles are not fixed but vary with thoracic-humeral
posture [19, 46]. Changes in this posture can influence the
biomechanical efficiency of muscle function, affecting both
muscle activation and joint stress, which in turn affects the
results of muscle coordination. High UT activation in NGP
and ERP may be necessary to maintain shoulder joint stability.
Conversely, the greater degree of scapular rotation in WGP and
IRP increased PD activation in synergy module 1 of WGP.
This change in muscle weights may reflect a neuromuscular
adaptation to maintain shoulder stability during the eccentric
phase, resulting in different training effects.

The present study found an increase in muscle weights and

maximal activation in the synergy module 1 of the elbow
extensor TB muscle during the NGP compared to the SP.
Unlike the PM, the range of motion of the TB muscles was
consistent because we specified a flexion target of 90 degrees
at the elbow joint and controlled for completion time [42]. This
result aligns with the higher TB activation observed in the NGP
in the study by Archambault ef al. [5] and supports previous
recommendations for the NGP to enhance TB stimulation [47].
Additionally, the present study found a reduction in wrist
muscle weights in the synergy module 1 of the NGP and ERP
compared to the SP. Previous research has shown that wider
hand-distance push-ups place more stress on the medial wrist
joint and the lunate bone region [7], which may have led to
higher synergy activation of the wrist muscles for wider push-
ups. In ERP, we also found an increase in BB muscle weights
in synergy module 1. There is a greater forward force on
the body during both SP and ERP [&], but in SP, with the
fingertips facing forward, this forward force can be resisted
by the wrist flexor muscles. In contrast, when the hand is
externally rotated and the elbow movement is in the sagittal
plane, the forward force can only be resisted by compensating
through the elbow flexors, which may account for the increased
BB muscle weights in the ERP.

Push-ups are a common method of upper limb muscle re-
habilitation [1], where the shoulder joint involved is one of
the most complex musculoskeletal systems in the human body
[14]. Almost any movement that occurs in the shoulder com-
plex involves the coordination of many muscles that can guide
and support the shoulder joint through a wide range of motion
[14, 41]. Some muscles attached to the humerus are involved
in stabilizing the proximal bones of the scapula or clavicle,
and their activity can also produce movement of the humerus
[40]. Different angles of the humerus during push-ups cor-
respond to different humeral movements, impacting shoulder
muscle synergy. The humeral angles in SP, WGP, and IRP
are greater compared to NGP and ERP, which may lead to
high activation of synergy primitives 1 in SP, WGP, and IRP
from the beginning of push-ups. Different hand positions result
in varying ground stress directions, leading to differences in
elbow stress magnitude and humeral angle relative to the body
[5-7]. Consequently, participants use different upper limb
muscle synergies to complete the push-up. Although NGP
and ERP have different hand positions, both have humeral
positions in WGP and IRP closer to the body compared to
SP, which may explain the similar synergies of NGP and
ERP compared to SP, but relatively small compared to WGP
and IRP. These differences in synergy primitives and modules
appeared mostly in Synergy 1 (centrifugal to nadir phase). All
four push-up variations had high similarity in synergy module
2 compared to SP, suggesting similar muscle synergy during
the centripetal contraction of push-ups. Thus, hand position
and humeral position differences due to hand position may be
key to different muscle synergies in push-ups. Internal and
external attention have been shown to influence the level of
EMG activation during upper body training [48], and external
attention may improve the training effect [49]. More external
attention to control the centrifugal to nadir phase (Synergy 1)
may better indicate the training effect of each type of push-up.
Therefore, synergies can explain more of the neuromuscular



control strategies of push-ups than simply comparing maximal
muscle activation for various push-ups.

This study also has some limitations, the number of muscles
selected was limited, the number of muscles can have an effect
on the amount of muscle synergy [50]. EMG acquisition
was performed using surface electrodes, which restricts data
collection to superficial muscle groups. However, muscle is a
complex system composed of multiple fascicles and muscle
fibers, each with distinct discharge rates and histochemical
properties. In the current synergy model, the smallest unit
of analysis is the entire muscle [51], making it impossible to
capture deeper or more nuanced patterns of synergy within
the muscle itself. Additionally, only male participants were
included, and results may not apply to females due to different
body mass distributions. Furthermore, the sample size in
this study was relatively small (n = 13), which may limit the
generalizability of the findings.

5. Conclusions

This study reveals that the neuromuscular strategies for the
upper limbs during various push-up variations can be explained
by two distinct muscle synergies. The four push-up variations
exhibit distinct neuromuscular control strategies compared to
the standard push-up (SP). Coaches can select the most suitable
upper limb training modality based on these variations and the
athletes’ specific needs. Furthermore, these differences were
predominantly observed in in the centrifugal to nadir phase
(Synergy 1). Enhanced control and a greater focus of attention
on this phase are likely to result in more targeted training
effects for the various push-up variations.
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