M entropy MoPY

Article

Investigation of the Intra- and Inter-Limb Muscle
Coordination of Hands-and-Knees Crawling in
Human Adults by Means of Muscle Synergy Analysis

Xiang Chen "*, Xiaocong Niu !, De Wu 2, Yi Yu ! and Xu Zhang !

1 Department of Electronic Science and Technology, University of Science and Technology of China (USTC),

Hefei 230026, China; xcniu@mail.ustc.edu.cn (X.N.); yyu309@mail.ustc.edu.cn (Y.Y.);
xuzhang90@ustc.edu.cn (X.Z.)

2 Department of Pediatrics, the First Affiliated Hospital of Anhui Medical University, Hefei 230022, China;
derk_wu@163.com

*  Correspondence: xch@ustc.edu.cn; Tel.: +86-551-6360-1175

Academic Editors: Danilo P. Mandic, Andrzej Cichocki, Chung-Kang Peng and Kevin Knuth
Received: 27 March 2017; Accepted: 15 May 2017; Published: 17 May 2017

Abstract: To investigate the intra- and inter-limb muscle coordination mechanism of human
hands-and-knees crawling by means of muscle synergy analysis, surface electromyographic (SEMG)
signals of 20 human adults were collected bilaterally from 32 limb related muscles during crawling
with hands and knees at different speeds. The nonnegative matrix factorization (NMF) algorithm was
exerted on each limb to extract muscle synergies. The results showed that intra-limb coordination
was relatively stable during human hands-and-knees crawling. Two synergies, one relating to the
stance phase and the other relating to the swing phase, could be extracted from each limb during a
crawling cycle. Synergy structures during different speeds kept good consistency, but the recruitment
levels, durations, and phases of muscle synergies were adjusted to adapt the change of crawling
speed. Furthermore, the ipsilateral phase lag (IPL) value which was used to depict the inter-limb
coordination changed with crawling speed for most subjects, and subjects using the no-limb-pairing
mode at low speed tended to adopt the trot-like mode or pace-like mode at high speed. The research
results could be well explained by the two-level central pattern generator (CPG) model consisting of
a half-center rthythm generator (RG) and a pattern formation (PF) circuit. This study sheds light on
the underlying control mechanism of human crawling.

Keywords: surface EMG; muscle synergy; hands-and-knees crawling; two-level CPG

1. Introduction

Humans can crawl in several forms including hands-and-feet crawling, hands-and-knees crawling,
creeping, scooting, and the combinations of different styles, among which hands-and-knees crawling is
the most common [1,2]. For infants and young children, crawling is often regarded as one of their most
important developmental milestones. Consequently, the understanding of the coordination between
limbs, muscles, and joints during crawling and the underlying control mechanism of human crawling
is meaningful for the assessment of motor development in the clinic.

Crawling is a kind of typical quadruped locomotion. In the past few years, many studies have
been performed to investigate the inter-limb coordination of quadrupeds and primates in sports,
and distinct inter-limb coordination patterns were observed during quadrupedal locomotion. In the
studies of horses and primates, based on the stride interval between the footfalls of the fore-limb
and hind-limb on the same side, Hildebrand defined inter-limb coordination into four patterns
including diagonal-couplets, lateral-couplets, diagonal-sequence, and lateral-sequence [3,4]. He found
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that short-legged animals often used the diagonal-couplets inter-limb coordination pattern whereas
long-legged animals might use the lateral-couplets coordination pattern [5]. As for human crawling,
Patrick et al. defined the phase lag between the initiation of stance of the left arm and the left leg
as the ipsilateral phase lag (IPL) to quantify inter-limb coordination of crawling with hands and
knees. According to the values of IPL, they classified inter-limb coordination into pace-like, trot-like,
and no-limb-pairing patterns [6].

Since the 20th century, the study of inter-limb coordination during human crawling movement
has attracted certain attention. In most related studies, crawling movements were monitored using
video capture devices or kinematic sensors and the findings were often presented based on kinetic
or kinematic data [6-9]. For instance, using camera and twin-axis electrogoniometers, Patrick et al.
observed large variability and flexibility of limb coordination in adults but not in infants and suggested
that this discrepancy resulted from the immaturity of the neuromuscular system of infants [6]. Using a
9-camera Vicon-612 system, Maclellan et al. found that healthy adults crawling on separate treadmills
generally preserved a 1:1 frequency relationship between the arms and legs when the speeds of the
arms and legs did not deviate from each other too much. When there was a large difference between the
speeds of the arms and legs, an integer frequency ratio was maintained between the arms and legs [7].
The main drawback of studies based on kinetic or kinematic data is that only indirect evidence can be
provided for the understanding of the neuromuscular control mechanism of crawling movement.

Surface electromyography is a potential tool in revealing central nervous system motor control
strategies because it directly carries the neuromuscular control information. In particular, muscle
synergy analysis based on sEMG signals has been verified to be a feasible tool to explore the
coordination across muscles during movement. As one of the many hypotheses attempting to offer
solutions or models that deal with the Degree of Freedom (DOF) problem of motion, muscle synergy
was defined as a vector specifying a pattern of relative muscle activation. The absolute activation
of muscle synergy was presumed to be modulated by a single neural command signal [10]. In the
past few years, plenty of evidence has been reported to support the view that the central nervous
system (CNS) might generate motor commands through a linear combination of a set of muscle
synergies [11]. For instance, in the study of the frog kicking locomotion in different directions, D’ Avella
et al. suggested that the variety of behavioral goals could be explained by the combinations of a small
number of muscle synergies [12]. Ting and Macpherson found that four muscle synergies in cats could
reproduce multiple muscle activation patterns to keep balance under perturbations from different
directions [13]. In particular, muscle synergy in human walking had been explored extensively [14-19].
Tang et al. compared the gait muscle synergies of cerebral palsy (CP) children, and typically developed
children and adults, and found that the abnormalities of muscle synergy in CP children could reflect
their motor dysfunction and even the physiological change in their nervous system [18]. Chia et al.
found that rectilinear walking and curvilinear walking shared the same muscle synergies, but a
fine-tuning in muscle synergies was introduced during curvilinear conditions, adapting the kinematic
strategy to the new biomechanical needs [19].

Although considerable progress has been made toward human crawling, much less is known
about the reason for the variety of inter-limb coordination. On the other hand, because crawling is a
rhythmic movement consisting of periodic extension and flexion of four limbs, the muscle coordination
with a single limb is also very meaningful for the understanding of the neuromuscular control
mechanism of crawling movement. However, the current studies on crawling movement pay more
attention to the inter-limb coordination, but the intra-limb muscle coordination is seldom involved.
The novelty of this paper lies in the fact that muscle synergy analysis was applied firstly to human
adult crawling with hands-and-knees. Specifically, the intra- and inter-limb muscle coordination
in human hands-and-knees crawling movement were investigated from the perspective of muscle
synergy. Considering the great potential in revealing the neuromuscular control strategy of muscle
synergy analysis, the findings of this study are of great significance for understanding the underlying
control mechanism of the CNS during crawling movement.
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2. Materials and Methods

As shown in Figure 1, the research route of this study can be summarized as follows:

e  Subjects were recruited to complete a number of hands-and-knees crawling experiments under
different crawling speeds;

e  Surface EMG signals were recorded from 32 main functional muscles of the subjects during the
crawling task;

e  Muscle synergies of four limbs were extracted respectively using the nonnegative matrix
factorization (NMF) algorithm based on the sEMG data;

e  Muscle synergies analysis under different conditions was conducted to explore the underlying
control mechanism of human hands-and-knees crawling.

Data collection ——>»  Preprocessing ——> Ry exiraction —> Synergy analysis

Based on NMF
Subjects sEMG profile extraction NMF algorithm Intra-limb coordination
Crawling protocol Cycle segmentation VAF Inter-limb coordination
Effectof speed

Figure 1. The research route of this study.

2.1. Subjects and Crawling Protocol

Twenty healthy subjects (15 males and 5 females, age (mean + SD): 24.51 + 0.76 years old,
height: 174.10 £ 5.01 cm, weight: 58.43 & 5.53 kg) without neurological or cardiovascular disorders
participated in this study. None of the subjects had experienced serious injuries in the upper and lower
limbs. All the participants were informed of the experimental procedure and signed an informed
consent approved by the local Ethics Review Committee. The study was conducted in accordance with
the Declaration of Helsinki.

In this study, the experiments were conducted on a treadmill (F63PRO; SOLE, Santa Barbara,
CA, USA). The running belt of the treadmill is 1.5 m long and 0.6 m wide, and the adjustable speed
range is from 1 km/h to 15 km/h. Because it was hard for most subjects to crawl more than 10
consecutive cycles at above 2.2 km/h, each subject was asked to perform four crawling trials at 1, 1.4,
1.8, and 2.2 km/h controlled speeds, respectively, on the running belt with 0° inclination. Participants
need to complete at least 12 consecutive crawling cycles at each speed, and rest at least 2 min between
two trials to avoid muscle fatigue. In addition, all subjects spent about half an hour to familiarize
themselves with the treadmill and crawling tasks before the experiments.

2.2. Crawling Data Collection

Surface EMG signals of the 32 most relevant muscles were collected during the crawling task by
means of a home-made multi-channel acquisition system. For each side of the body, 8 upper limb
related muscles including flexor carpi radialis (FCR), flexor carpi ulnaris (FCU), extensor carpi ulnaris
(ECU), extensor carpi radialis (ECR), biceps brachii(BIC), triceps brachii (TRIC), anterior deltoid (AD),
latissimus dorsi (LD), and 8 lower limb muscles including rectus abdominis (RA), gluteus maximus
(GM), iliopsoas (ILIO), vastus medialis (VM), rectus femoris (RF), vastus lateralis (VL), biceps femoris
(BF), and semitendinosus (ST) were selected. Four flexors and four extensors were involved in each
limb. In order to minimize the cross talk from adjacent muscles and optimize the valuable signals,
electrodes were placed based on the guidelines of the Surface Electromyography for the Non-Invasive
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Assessment of Muscles (SENIAM) protocol [20]. Surface EMG electrodes were attached to slightly
shaved and cleaned skin above the muscle belly. Moreover, Acceleration (ACC) signals were collected
by means of 3D accelerometers attached on the upper arm and thigh to calculate the phase lag between
two given limbs (Figure 2). The X axis of each accelerometer was aimed at the forward direction.
Surface EMG signals were amplified (x1000), and then sampled at 2000 Hz, while ACC signals were
sampled at 100 Hz. In addition, before the experiment, each subject performed a series of maximal
voluntary contraction (MVC) tasks to obtain MVC sEMG for each muscle. The design of the MVC
task referred to the previous studies ([21,22] for arm muscles, [23] for trunk muscles, [24,25] for leg
muscles). To prevent fatigue, MVC was performed on each muscle one by one, and there was enough
time for each muscle to rest. All data was saved for offline analysis using Matlab 7.14.

® EMG sensor
A ACC sensor

LD AD

BI

TRIC -
FCU
ECU ECR
ECR RA

ILIO
GM
RF
BF VL

ST VM

Figure 2. Placement of SEMG sensors and accelerometers. Red font means flexor and black font
means extensor.

2.3. Surface EMG Profile Extraction and Cycle Segmentation

To extract the profiles, sSEMG signals were high-pass filtered (zero-lag Butterworth filter with a
cut-off of 20 Hz) firstly and then demeaned, rectified, and low-pass filtered (zero-lag Butterworth filter
with a cut-off of 15 Hz). The extracted sEMG profile of each muscle was normalized to its maximum
value obtained at the MVC task.

The crawling cycle was defined as the interval between two consecutive hits of the right palm to
the ground. In this study, ACC signals of the X axis were used for the segmentation of crawling cycles.
Since every hit was accompanied by a burst of acceleration of the right arm, the peaks of ACC signals
were detected to mark the hits and identify the crawling cycles. To eliminate the disturbances of the
beginning and the ending of a trail, the first and the last three cycles were discarded. The remaining
cycles (no less than 6 cycles for each trail) were resampled into 500-point (T) for further data analysis.

2.4. Nonnegative Matrix Factorization Based Muscle Synergy Extraction

Muscle synergy analysis usually assumes that a muscle activation pattern is comprised of a linear
combination of a few muscle synergies recruited by time-varying coefficients, and the recruitment
coefficient represents the neural command that specifies how much a synergy contributes to one certain
muscle’s total activation. The NMF algorithm has been fully described by Lee and Seung [26] and used
to extract muscle synergies in related studies [18,27]. As Equation (1) shows, NMF can decompose a
non-negative sSEMG profile matrix into a muscle synergy matrix W and a recruitment coefficient matrix
C, and each muscle synergy in matrix W is considered to be functionally recruited by the corresponding
coefficient vector in matrix C.

SEMGan:WmXSCSXn (1)
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In Equation (1), m is the number of muscles, n represents the length of the sEMG profile,
and s means the number of extracted muscle synergies. In the process of factorization, W and C
were initialized to be random values firstly and then updated using the updating rules [28]. When an
original matrix sSEMGo is decomposed into matrix W* and C* after multiple iterations, a reconstructed
matrix sSEMGr could be obtained by sEMGr = W*C*, and the variability accounted for (VAF, ranges
from 0 to 1) [29] between sEMGo and sEMGr was calculated as Equation (2) to assess if the extracted
muscle synergies could adequately reconstruct the original matrix. In this study, for each subject,
c (>6) crawling cycles at each speed were selected for muscle synergy extraction. VAFs and the muscle
synergy matrices were averaged across c cycles.

VAF =1 — (sEMGy — SEMG,)*/EMG} )

2.5. Similarities between Muscle Synergy Structures and between Recruitment Patterns

The similarities of muscle synergies were estimated from the synergy structure (W) and
recruitment pattern (C). For two muscle synergies (W1 (C1) and W2 (C2)), the structure similarity
and recruitment pattern similarity were assessed by Pearson’s correlation coefficient (r) as shown in
Equations (3) and (4):
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2.6. Intra-Limb Muscle Coordination Analysis

In this study, sEMG profiles from eight muscles of each limb were decomposed using the NMF
algorithm to extract muscle synergies and their corresponding recruitment patterns. Then the muscle
synergies extracted from each limb were analyzed to explore the intra-limb muscle coordination during
crawling movement. To explore the effect of crawling speed on the intra-limb muscle coordination,
the structure similarity of the muscle synergies extracted at different speeds was analyzed. For two
synergies with similar structure, the differences in their recruitment patterns were explored further.
As shown in Figure 3, the effects of crawling speed on the recruitment patterns of two synergies with
similar structure were evaluated from three aspects: recruitment level difference (Ap), recruitment
phase lag (Aph), and recruitment time length difference (Atl).

1.5+ i
P .
_p_ _________ — CI’
Ap=(p"-p)
|74 Y A Aph=(ph’-ph)
Vig [~ Atl=(t1"-])
0.0 : ,- , ,

ph ph’ T

Figure 3. Evaluation parameters for two recruitment patterns (C1, C1’) of two synergies with similar
structure. As in [17], Vi, of each profile was set to the half-maximum value.
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2.7. Inter-Limb Coordination Analysis

In order to quantify the inter-limb coordination, Patrick and his co-workers defined phase lags
between certain limbs as the delay of the initiations of stance phases of corresponding limbs [6]. When
initiation of the stance phase in the right leg occurred at a time interval “t1” after initiation of the
stance phase in the right arm as shown in the top subgraph of Figure 4, ipsilateral phase lag (IPL)
was defined as the ratio of t1 and T (a cycle duration). Similarly, contralateral phase lag (CPL) was
expressed by dividing “t2” by T, and diagonal phased lag (DPL) was expressed by dividing “t3” by
T. According to the above definitions, limb phase lags ranged from 0% to 100%. According to the
IPL values, human crawling inter-limb coordination patterns were divided into trot-like patterns
(IPL close to 50%, Figure 4, top subgraph), pace-like patterns (IPL close to 0% or 100%, Figure 4, bottom
subgraph), and no-limb-pairing patterns (IPL between pace and trot, Figure 4, middle subgraph). For the
no-limb-pairing pattern, IPL ranging from 10% to 40% means four-beat walks in the diagonal-sequence
(right arm — right leg — left arm — left leg, DPL: 60-90%) and 60% to 90% means four-beat walks in
the lateral-sequence (right arm — left leg — left arm — right leg, DPL: 10-40%).

T

" Trot-like

Right arm
Right leg
Left leg

Left arm t2 l % ; - -
t3
No-limb-pairing

Pace-like

Figure 4. Three inter-limb coordination patterns of human crawling [6]. Solid lines represent the
duration of stance phases and spaces represent the swing phases for each limb.

To explore the effect of crawling speed on the inter-limb coordination, limb phase lags at different
speeds were calculated and analyzed in this study. In related studies, limb events like connection
or separation were obtained by cameras [6,30], force sensors [31-33], or accelerometers [34-36].
In this study, ACC signals were used to detect the initiation of the stance phase of each limb and to
calculate the ipsilateral phase lag, contralateral phase lag, and diagonal phase lag, since the contact or
separation between the limbs and ground was accompanied by a sudden change of the acceleration of
a certain limb.

1
IPL = —-100% (5)
T
2
CPL = =-100% (6)
DPL = ?-100% @)

3. Results

3.1. Intra-Limb Muscle Coordination

Figure 5 shows the VAF values when 1 to 3 synergies were extracted from all 20 subjects at different
speeds. When the threshold of VAF was set to 0.8, only one synergy could be extracted from each limb
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for most subjects. Two synergies were obtained with VAF ranging from 90% to 95%, and three synergies
could account for more than 95% of the variations. Synergies extracted from leg muscles accounted for
more variations than those from arm muscles when the number of synergies was small, and as the
number of synergies increased, these discrepancies decreased. Figure 6 illustrates an example of the
muscle synergies extracted from the right arm of one subject. Two synergies (St_ra and Sw_ra) and
their corresponding recruitment patterns (Cst_ra and Csw_ra) were extracted when the threshold of
VAF was set to 0.9, and three synergies (Sa, Sb, and Sc) and their corresponding recruitment patterns
(Ca, Cb, and Cc) were extracted when VAF was set to 0.95. From Ca and Cb, we found that synergies Sa
and Sb were recruited approximately at the same time, and these two synergies could be considered as
the fractions of St_ra. Since two muscle synergies accounted for more than 90 percent of the variations,
two synergies were extracted from each limb for further analysis.

. [ J1km/n
14 Left arm 11 Right arm B 1 4kmih
I 1.8km/h
1.0 1.0 I 2.2km/h
0.9 0.9
0.8 0.8
0.7 0.7
0.6 0.6
1 2 3 1 2 3
11 Left leg 11 Right leg
1.0 1.0

VAF

0.9 0.9
0.8 0.8
0.7] 0.7
06 2 3 08 1 2 3

Number of Synergies

Figure 5. Statistics of the VAF values corresponding to different number of muscle synergies extracted
from each limb (RA: right arm; LA: left arm; RL: right leg; LL: left leg) of all subjects under
different speeds.

Two synergies extracted Three synergies extracted
Stance Swing
1 1 1

Sa Ca

ACC_ra

0 0.0
&8
005 SSiote s>

Figure 6. An example of muscle synergies extracted from the right arm of one subject. ACC_ra
represents the acceleration data of the limb used to detect the stance and swing phase.

Using ACC signals, a whole cycle could be divided into the stance phase and swing phase for
each limb (Figure 6). For all subjects, one of the two synergies (St_ra) extracted from the right arm
muscle was mainly loaded by LD, TRIC, and FCU, and the corresponding recruitment pattern (Cst_ra)
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was mainly activated at the stance phase. The other synergy (Sw_ra) was mainly loaded by BIC, ECU,
and ECR, and was activated at the swing phase. So the main function of St_ra could be considered to
support the upper trunk in a crawling cycle, and Sw_ra to swing the upper limb. On the other hand,
one of the two synergy structures (St_rl) extracted from the leg muscles was dominated by GM, VM,
and VL, whereas the other one (Sw_rl) was dominated by RA, ILIO, and RF. St_rl and Sw_rl played
the same role as St_ra and Sw_ra. In the following analysis, synergies relating to the stance phase were
named as St_ra (Cst_ra), St_la (Cst_la), St_rl (Cst_rl), and St_l1 (Cst_lI), and synergies relating to the
swing phase were named as Sw_ra (Csw_ra), Sw_la (Csw_la), Sw_rl (Csw_rl), and Sw_II (Csw_ll) for
the right arm, left arm, right leg, and left leg, respectively.

3.2. Inter-Limb Coordination

Taking subject AD7 as an example, Figure 7 demonstrates the typical SEMG envelopes during
crawling cycles at different speeds. It could be observed from the figure that the activation levels of
the upper limb muscles were significantly higher than those of the lower limb muscles. At the same
time, muscle activation increased with the increase of the crawling speed. Figure 8 illustrates cycle
duration, stance phase duration, and swing phase duration of each limb of all 20 subjects at different
crawling speeds. As expected, the cycle duration decreased with crawling speed. From 1 km/h to
1.8 km/h, there was no significant change in the swing duration with the increase of speed. That is
to say, the decrease of the cycle duration mainly resulted from the reduction of the stance duration.
In addition, the swing duration was consistently shorter in the arms compared with the legs.

Figure 9 illustrates the effects of speed on the limb phase lags. Ipsilateral phase lags of all
subjects ranged from 0.5 to 1. All subjects with no limb pairing crawled in a lateral-sequence pattern
(IPL: 0.6-0.9). As shown in Figure 9, the change of speed failed to influence the contralateral phase lag
(p < 0.05). That is to say, the coordination patterns between homologous limbs were not influenced
by speed. However, ipsilateral phase lags and diagonal phase lags changed with speed for most
subjects, and individual differences existed. Ipsilateral phase lags of subjects adopting a trot-like
pattern (like AD17, AD19, and AD20) or pace-like pattern (like AD2 and AD4) at low speeds changed
slightly at high speeds. Ipsilateral phase lag values of most subjects with no limb pairing (like AD7 and
AD10) changed dramatically to 0.5 or 1 at high speeds. In other words, subjects with no-limb-pairing
tended to adopt trot-like or pace-like patterns when crawling at high speeds.

1km/h 1.4km/h 1.8km/h 2.2km/h
LEFT RIGHT LEFT RIGHT LEFT RIGHT LEFT RIGHT
e . A Aa . A A . A Aha . M U
PR Y y S - S —— bl e Mm ECR
S —_— —— e  FCU
P [ S| iy EBmt—a [FCR
-~ - 2 LS = Fas O BIC
L anal =  Adaem . L aesaen L MMA .
—— ———— e ——— e AD
LD
RF
—_— I — — -_— . [LIO
—_—— GM
VL
RF
VM
- . P . i |~ SR | BF
—— i — — — D ST

Figure 7. Illustration of the typical SEMG envelopes during crawling cycles at different speeds.
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Figure 8. Cycle duration, stance phase duration, and swing phase duration (Mean =+ SD) at different
crawling speeds.
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(b) (©)

Figure 9. Limb phase lags at different speeds. (a) Contralateral phase lags; (b) Diagonal phase lags;
(c) Ipsilateral phase lags.

In order to demonstrate the inter-limb coordination from the view of muscle synergy, Figure 10
illustrates muscle synergies extracted from the four limbs of all 20 subjects under the standard crawling
condition (1 km/h). In each limb, the stance phase and swing phase alternated periodically, and the
corresponding muscle synergies were recruited. Although individual differences existed, the synergy
structures extracted from the left side were similar to the corresponding structures of the right
side for all subjects (rg; 155t rg = 0.85 & 0.09, rsy 155w ra = 0.87 £ 0.08, rg4 15t 1 = 0.82 £ 0.12,
Tsw li~Sw_r1 = 0.83 £ 0.12). There were half cycle delays between the recruitments of two synergies
of the left and right sides with similar structure. It could also be observed that subjects in different
crawling patterns exhibited different recruitment orders of muscle synergies. Subjects in a pace-like
pattern (4 subjects) recruited St_ra and St_rl (or Sw_ra and Sw_rl) simultaneously and subjects in a



Entropy 2017, 19, 229 10 of 15

trot-like pattern (5 subjects) recruited St_ra and Sw_rl (or Sw_ra and St_rl) simultaneously. For the
pace-like pattern and trot-like pattern, high recruitment similarity existed in the same type of muscle
synergies (stance phase related or swing phase related) between subjects as shown in Figure 10 and
Table 1. However, subjects in no-limb-pairing mode (11 subjects) exhibited large discrepancies in the
recruitments of lower limb muscle synergies (r = 0.12-0.21).

Table 1. Recruitment similarity of the same type of muscle synergies between subjects in the same
inter-limb coordination pattern.

Pattern TCst_Ia TCst_ra TCsw_la TCsw_ra Yest_ il TCst 1l TCsw_l TCsw_rl

Pace-like 0.89 & 0.04 0.90 & 0.03 0.87 £ 0.06 0.88 & 0.05 0.83 +0.10 0.82 £ 0.10 0.80 £0.11 0.81+£0.13
No-limb-pairing 0.87 £0.05 0.89 £ 0.06 0.85 £ 0.09 0.87 £ 0.07 012 £0.74 0.14 £0.71 0.19 £ 0.66 0.21 £ 0.62

Trot-like 0.92 £ 0.04 0.93 £ 0.03 0.86 £+ 0.05 0.88 £ 0.04 0.82 £0.11 0.80 £0.13 0.76 £0.19 0.78 £0.17

St_ra Cst_ra

w,
olill !

Sw_ra

Left side

Right side

]

CfGASELRE (20 subjects)

Cst_ll St_ll St_rl Cst_rl Cst_rl
s (I % %
Csw_lI Sw_ll 1 Sw_rl 1-5‘ Csw_rl 2 Csw._rl
SR
, SN
NN
A 0@
= MArmm o 0 =~
Trot-like No-limb-pairing  Pace-like SO R S Cy fa Pace-like ~ No-limb-pairing Trot-like
(5 subjects) (11 subjects) (4 subjects) (4 subjects) (11 subjects) (5 subjects)

Figure 10. Synergy structures and recruitment patterns extracted from four limbs of all 20 subjects.
Recruitment patterns of leg muscles are plotted separately according their inter-limb coordination patterns.

3.3. Effect of Crawling Speed on Intra- and Inter-Limb Coordination

From Figure 5, it could be observed that as the speed increased, the VAF remained similar when
we chose to extract two synergies or more. Two synergies could account for more than 90 percent of
the variations even at 2.2 km/h. When three synergies were extracted, the VAF values at different
speeds were nearly the same and greater than 0.95. Therefore, two synergies were enough to account
for the variations caused by the different crawling speeds.

Figure 11a illustrates the statistical features of the similarity coefficients between synergies
extracted at different speeds other than 1 km/h (1.4, 1.8, and 2.2 km/h) and the speed of 1 km/h. Speed
could influence the synergy structure as the between-group t-test indicated a significant difference
in terms of the similarity coefficients. It could also be observed that the changes of the similarity
coefficients relating to the stance phase (St_la, St_ra, St_l1, St_rl) were larger than those relating to the
swing phase (Sw_la, Sw_ra, Sw_ll, Sw_rl). However, the effect of speed on the synergy structure was
limited because the similarity coefficients between the synergy structures extracted under different
speeds were all larger than 0.8. Figure 11b—d show the recruitment differences of synergies relating
to the swing phase and stance phase under different speeds. The recruitment levels of all extracted
synergies increased with the speed (Figure 11b), and the recruitment level changes of the synergies
relating to the stance phase were much higher than those relating to the swing phase. Taking the
combination of 2.2-1 km/h as an example, the Ap values of Cst_la, Cst_ra, Cst_Il, and Cst_rl increased
more than 18 percent, but those of Csw_la, Csw_ra, Csw_ll, and Csw_rl increased less than 10 percent.
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The phases of synergies relating to the swing phase advanced with the increase of the crawling
speed but those of synergies relating to the stance phase remained almost unchanged (Figure 11c).
The recruitment time lengths of all synergies were greatly affected by the speed (Figure 11d). As the
treadmill sped up, the recruitment time lengths of synergies relating to the stance phase decreased but
those of synergies relating to the swing phase increased.

LM
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Figure 11. Effects of speed on (a) synergy structures and recruitment patterns of two similar synergies;
(b) Recruitment level differences (Ap); (c) Recruitment phase lags (Aph); (d) Recruitment time length
differences (Atl). T-tests were performed between 1.8-1 and 1.4-1, and between 2.2-1 and 1.4-1,
respectively. * means p < 0.05.

4. Discussion

Crawling can be seen as a kind of rhythmic motion. Some theories or models about the control
mechanism of rhythmic locomotion in animals and humans were proposed in the past few decades.
The concept of CPGs, which is considered to reside within the central nervous system and to control
various rhythmic movements, was firstly proposed in 1911 [37]. In 1914, Graham and Brown built
the “half center” model for CPG [38], suggesting that CPG controlled flexors and extensors alternately
to achieve rhythmic locomotion. In 1981, Grillner proposed a new assumption of CPG organization.
He thought that CPG was composed of several separate unit burst generators (UBG) controlling each
joint of the limb and interacting with each other [39]. In 2006, Rybak and his coworkers suggested that
the CPG was a two-level functional structure consisting of a half-center rhythm generator (RG) and a
pattern formation (PF) circuit [40]. Although many models have been proposed and discussed, people
still do not know exactly how rhythmic motions are generated and controlled. The potential advantages,
disadvantages, and the plausibility of the UBG and two-level structure were debated widely in related
studies [41-43]. Taking advantage of its great potential in revealing the motor control strategy of the
CNS, muscle synergy analysis was adopted to explore the intra- and inter-limb muscle coordination
of human hands-and-knees crawling under different speeds in this study, and the results can help to
understand the underlying neuromuscular control mechanism of CNS on crawling movement.
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4.1. The Possible CPG Model for Hands-and-Knees Crawling

Based on the intra-limb muscle coordination analysis in this study, two muscle synergies relating to
the stance phase and swing phase were extracted from each limb. In addition, high structural similarity
of muscle synergies was found among the subjects. This result is in accordance with previous studies
of gait [18]. Therefore, we conclude that adult humans may share a common underlying muscle control
mechanism of crawling. According to the theory of the half-center model, CPG controls the flexors
and extensors alternately to achieve rhythmic locomotion [38]. One problem of the “half-center model”
is that the real pattern of rhythmic movement is more complex, and some muscles are stimulated both
in the flexion and the extension phases of a motion cycle [44]. In this study, some flexors and extensors
were found to be grouped together and activated simultaneously. For example, in the stance phase of
the right arm, AD, FCU, FCR, and TRIC were activated together. Moreover, some muscles such as AD
and FCR contracted during both the stance phase and swing phase to achieve different functions. AD
was responsible for stabilizing the shoulder in the stance phase, whereas in swing phase, AD propelled
the arm. Therefore, we suppose that rhythmic locomotion in crawling movement is not produced
by the alternating of flexors and extensors, but by the recruitment of task-oriented muscle synergies
alternately, and one muscle can play roles in more than one muscle synergy.

The two-level CPG model suggests that the CPG is a two-level functional structure consisting
of the half-center RG and PF circuit [40]. In this study, the results of the intra-limb coordination
analysis conform to this model well. In each limb, the stance related synergy and swing related synergy
coordinate with each other to achieve rhythmic movement. The PF network can be represented by
synergy structures, and the RG can be exhibited by recruitment patterns. During crawling, RG in each
limb may mediate the recruitment of the stance related synergy and swing related synergy to control
one certain limb, and four limbs cooperate together to finish the crawling task.

4.2. Control Strategies of CNS to Crawling Speed

Considerable progress has been made toward the understanding of the commissural circuitry in
the spinal cord that is responsible for the coordination of homologous (left and right) limbs (reviewed
in [45]). In this study, the contralateral phase lag values never changed with crawling speed, implying
that precise coordination existed between homologous limbs in crawling. As to the coordination of
the ipsilateral limbs, the evidence in mammals suggests that CPGs in the cervical and lumbar spinal
cord organize the hindlimb and forelimb locomotor activity during locomotion [37,46]. In this study,
a large range of ipsilateral phase lag values were obtained from different subjects, suggesting that the
temporal linkage between the recruitments of synergies extracted from arm muscles and leg muscles is
flexible. In the meantime some subjects (such as AD7 and AD9) increased crawling speed by changing
their crawling pattern from no-limb-pairing to pace-like or trot-like patterns. Similar results could be
found in related studies [6,25]. The transition from no-limb-pairing to trot (or pace) is also similar to
what has been observed in mice [47,48]. A recent computer model from the Rybak lab also exhibited
the same transition [49]. These similarities hint at a similar underlying neural control.

The muscle synergy analysis of this study could reveal the control strategy of the CNS to adapt
to the change of speed to a certain extent. On the one hand, the effect of speed on the synergy
structure was found to be limited. This result indicated a good consistency of the synergy structure
through different speeds in healthy adults and was consistent with the previous studies on gait [18,50].
On the other hand, human adults changed the recruitment levels, durations, and phases of the muscle
synergies to adapt to the change of crawling speed. More concretely, the CNS shortened the cycle
duration to adapt to high speed by decreasing the recruitment duration of stance related synergy
and advancing the recruitment phase of swing related synergy. Moreover, with the increase of the
crawling speed, the recruitment levels of synergies related to the stance phase increased more than
those related to the swing phase. From the perspective of the two-level CPG model theory, the PF
network is unchanged for a given motion task, and the CNS controls the crawling speed by modulating
the rhythm generators of the four limbs.
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4.3. Limitations and Future Work

Although this study explored the neuromuscular control strategy of crawling with hands and
knees from the aspect of muscle synergy, there are a few limitations that await further study. Firstly,
all the analyses were performed based on the two muscle synergies relating to the stance phase and
swing phase, respectively. In this condition, the VAF threshold was set to 0.9 and the two major muscle
synergies were extracted from each limb. However, as we know, more muscle synergies should be
extracted when a higher VAF threshold is adopted. For example, the third muscle synergy would
represent 5% of the variance when three synergies were extracted. The question of whether such minor
muscle synergy is related to hands-and-knees crawling or only noise remains unsettled. Secondly; it is
obvious that almost all trunk and limb muscles are involved in the crawling movement, which makes
the crawling movement more complex than the gait. For example, erector spinae may play the role
of stabilizing the whole body during crawling. In this study, only eight main limb related muscles
from each limb were analyzed, which may hinder the exact understanding of the strategy of how the
nervous system organizes the movement of the whole body. In future work, these muscles would
be considered in more detail. Thirdly, muscle synergies were extracted from each limb separately,
so inter-limb synergies may be overshadowed. For example, to remain stable, the muscles of different
limbs may communicate with each other and commonly exhibit an extra synergy. Finally, although the
research results corroborate the two-level CPG model, the influence of descending signals from higher
centers and peripheral afferent feedback were not directly measured in this study.

5. Conclusions

In this study, the intra- and inter-limb muscle coordination in human hands-and-knees crawling
movement were investigated by means of muscle synergy analysis. The intra-limb coordination was
found to be relatively stable during human hands-and-knees crawling. Two synergies, one relating to
the stance phase and the other relating to the swing phase, were extracted from each limb during a
crawling cycle. With limited variations in structures, human adults changed the recruitment levels,
durations, and phases of muscle synergies to adapt to the change of crawling speed. The inter-limb
coordination changed with speed for most subjects, and subjects with no-limb-pairing tended to adopt
the trot-like or pace-like pattern at high speeds. The research results of this study could be well
explained by the two-level CPG model consisting of a half-center RG and a PF circuit.
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