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In order to reveal in-depth the neuromuscular control mechanism of human crawling, this study carries out muscle synergy extraction and analysis on human hands-knees crawling under eight specific inter-limb coordination modes, which are defined according to the swing sequence of limbs and includes two-limb swing crawling modes and six single-limb swing crawling modes. Ten healthy adults participate in crawling data collection, and surface electromyography (sEMG) signals are recorded from 30 muscles of limbs and trunk. Non-negative matrix factorization (NNMF) algorithm is adopted for muscle synergy extraction, and a three-step muscle synergy analysis scheme is implemented by using the hierarchical clustering method. Based on results of muscle synergy extraction, 4 to 7 synergies are extracted from each participant in each inter-limb coordination mode, which supports the muscle synergy hypothesis to some extent, namely, central nervous system (CNS) controls the inter-limb coordination modes during crawling movement by recruiting a certain amount of muscle synergies, rather than a single muscle. In addition, when different participants crawl in the same inter-limb coordination mode, they share more temporal features in recruiting muscle synergies. Further, by extracting and analyzing intra-mode shared synergies among participants and inter-mode shared synergies among the eight inter-limb coordination modes, the CNS is found to realize single-limb swing crawling modes by recruiting the four inter-mode shared synergy structures related to the swing function of each limb in different orders, and realize the two-limb swing crawling modes by recruiting synchronously two intra-mode shared synergy structures. The research results of the muscle synergy analysis on the eight specific inter-limb coordination modes, on the one hand, provide a basis for muscle synergy hypothesis from the perspective of crawling motion, on the other hand, also provide a possible explanation for the choice of the inter-limb coordination mode in human crawling.

KEYWORDS
 surface electromyography, hands-knees crawling, inter-limb coordination, muscle synergy, neuromuscular control mechanism


1. Introduction

Over the past decades, the question how the central nervous system (CNS) controls muscles to perform specific motor tasks has attracted widespread attention (d’Avella et al., 2003, 2006, 2011; Tresch and Jarc, 2009; Tang et al., 2015; Taborri et al., 2018; Xiong et al., 2018). Lots of researches show that vertebrates generate motor behaviors by a combination of rudimentary motor modules (Tresch et al., 2002; Flash and Hochner, 2005; Bizzi et al., 2008; Cheung et al., 2012). Muscle synergy, as one kind of the motor modules, has been used for many years to explain how the CNS achieves the neuromuscular control of different movements (d’Avella et al., 2003, 2006, 2011; Tresch and Jarc, 2009; Tang et al., 2015, 2017; Taborri et al., 2018; Xiong et al., 2018). Muscle synergy hypothesis states that the CNS generates motor commands by recruiting a group of muscles to work together instead of a single muscle (Saltiel et al., 2001; d’Avella et al., 2003; Bizzi et al., 2008; Tang et al., 2017), that is, a group of muscles are continuously activated in space and time (Torres-Oviedo et al., 2006; Taborri et al., 2018). Although this theory has been confirmed by many studies, there are also opposing voices (Kurtzer et al., 2006; Kutch et al., 2008; Tresch and Jarc, 2009; Valero-Cuevas et al., 2009), and more evidence is needed.

As an electrophysiological signal related to muscle contraction, surface electromyography (sEMG) signal has unique advantages in motion analysis, as it carries abundant information related to muscle activation and neuromuscular control mechanism (Tang et al., 2017; Gao et al., 2018). Muscle synergy can be extracted from sEMG data recorded from relative muscles by using blind source separation algorithms such as non-negative matrix factorization (NNMF) (Lee and Seung, 1999; Ting and Macpherson, 2005), principal component analysis (PCA) (Ting and Chvatal, 2010), independent components analysis (ICA) (Hyvärinen and Oja, 2000), and factor analysis (FA) (Kieliba et al., 2018; Rabbi et al., 2020) etc. According to Rabbi et al. (2020), NNMF is the most appropriate algorithm for muscle synergy extraction. When NNMF is applied to a sEMG data matrix, two matrices named muscle synergy structure matrix and recruitment curve matrix, respectively, can be obtained (Cheung et al., 2012; Wojtara et al., 2014; Taborri et al., 2018). The synergy structure matrix consists of weight vectors representing each muscle’s contribution to a particular synergy, while the recruitment curve matrix consists of vectors representing the recruited pattern of a particular synergy (Wojtara et al., 2014; Taborri et al., 2018).

As the earliest quadruped movement mastered by most humans, crawling is closely related to various functions of the human body, including spatial concepts, eye-hand coordination, vestibular processing, balance and equilibrium, spatial awareness, tactile input, kinesthetic awareness, and social maturation (McEwan et al., 1991; Kretch et al., 2014). Crawling can be used as an evaluation object for clinicians to judge patients’ motor ability subjectively or a beneficial item for patients to carry out motor function rehabilitation training (Xiong et al., 2021). For both clinical diagnosis and rehabilitation training of motor dysfunction, it is of great significance to understand the inter-limb coordination mechanisms of human crawling movement.

In fact, the muscle synergy analysis based on sEMG signals has been applied to the analysis of human crawling in related researches (Chen et al., 2017; Gao et al., 2018; Xiong et al., 2018; Li et al., 2019). Chen et al. conducted a study to explore the intra-limb coordination mechanism of adult crawling (Chen et al., 2017). They found that two synergies could be extracted from each limb to represent the swing and stance phases during crawling, the intra-limb muscle synergy was relatively stable, and the crawling speed affected the synergy structures slightly but changed the recruitment levels significantly. Xiong et al. explored the inter-limb muscle synergies of children crawling, and found that infants with confirmed developmental delays had fewer muscle synergies (Xiong et al., 2018). Gao et al. used synergistic recruitment of sEMG frequency components to represent the myoelectric activity, three patterns (corresponding to low-frequency range, medium-frequency range and high-frequency range respectively) of sEMG oscillation synergies in each muscle of both typically developed infants and infants with cerebral palsy were extracted when they crawled on hands-and-knees (Gao et al., 2018). Taking hands-and-knees crawling of healthy children and children with cerebral palsy as research object, Li et al. explored the abilities of synchronous and time-varying muscle synergy analysis methods in distinguishing normal and abnormal crawling movements (Li et al., 2019).

All the researches mentioned above show that the muscle synergy hypothesis has been verified in human crawling, and that muscle synergy analysis can be used to reveal the abnormal neuromuscular control strategies in crawling movement of patients with dyskinesia. In existing researches the inter-limb coordination modes of crawling are mainly divided into three categories, namely: (1) pace-like mode, in which the ipsilateral limbs move together; (2) trot-like mode, in which the diagonal limbs move together; (3) no-limb-pairing mode, in which all limbs move at regular intervals (Patrick et al., 2009). Since trot-like mode and pace-like mode are the most preferred crawling modes, most of the researches has focused mainly on these two modes (Freedland and Bertenthal, 1994; Patrick et al., 2012; Righetti et al., 2015; Chen et al., 2017; Ma et al., 2017; Cole et al., 2019). In the meanwhile, the muscle synergy analysis on human crawling is mainly based on participant’s self-selected inter-limb coordination mode, namely, the trot-like mode and pace-like mode (Chen et al., 2017; Gao et al., 2018; Xiong et al., 2018; Li et al., 2019). However, crawling is a complex four-beat gait. Theoretically, humans can complete crawling with a variety of inter-limb coordination modes. That is to say, the previous muscle synergy analyses on crawling movement can only partially reflect the neuromuscular control mechanism of the CNS due to the limited number of inter-limb coordination modes involved.

Different from the relevant studies, which focus on muscle synergy analysis of autonomously selected coordination modes between limbs, the novelty of the crawling research carried out in this paper is that it expands the research object from the three typical modes to eight modes, so as to realize the goal of revealing in-depth the neuromuscular control mechanism of human crawling. In particular, taking hands-knees crawling as the research object, eight specific inter-limb coordination modes are defined according to the swing sequence of limbs. The NNMF algorithm is adopted to extract muscle synergies from sEMG data firstly. Then the intra-mode shared synergies among participants and the inter-mode shared synergies among the eight inter-limb coordination modes are extracted by using the hierarchical clustering method. Specifically, the shared synergy structures and shared recruitment curves are extracted separately. Finally, based on the definition of the eight inter-limb coordination modes and the characteristics of intra-mode/inter-mode shared synergy structures and recruitment curves, the control mechanism of CNS on human crawling are deeply analyzed.



2. Materials and methodology

Figure 1 gives the research route of this paper, which mainly includes the following steps: 1) the definition of eight specific inter-limb coordination modes; 2) crawling sEMG data collection and pre-processing; 3) muscle synergy extraction based on NNMF algorithm; and 4) exploration on the control mechanism of CNS on human crawling through muscle synergy analysis. The specific implementations are introduced in detail below.

[image: Figure 1]

FIGURE 1
 Flowchart of the research on muscle synergy analysis of eight inter-limb coordination modes during human hands-knees crawling movement.



2.1. Definition of eight inter-limb coordination modes

This study mainly focuses on the inter-limb coordination modes that two limbs swing together or four limbs swing one by one at the same intervals. When two limbs swing together, there are two possible modes: 1) right hand and right knee swing together, then left hand and left knee swing together, namely “right hand, right knee → left hand, left knee”; and 2) right hand and left knee swing together, then left hand and right knee swing together, namely “right hand, left knee→ left hand, right knee.” According to Patrick’s study (Patrick et al., 2009), these two crawling modes correspond to pace-like mode and trot-like mode, respectively. When limbs swing one by one, there are 6 types of inter-limb coordination modes. Therefore, as shown in Table 1, the eight specific inter-limb coordination modes (M1–M8) are defined according to the swing sequence of limbs.



TABLE 1 Eight inter-limb coordination modes during crawling.
[image: Table1]



2.2. Crawling data acquisition

Ten healthy adult participants (P1 to P10, 7 males, 3 females, 23.90 ± 0.88 years) participate in the crawling data collection experiment. All participants have no history of neuromuscular diseases or motor dysfunctions, are informed of the study content, and sign an informed consent form. The Ethics Review Committee of Anhui Medical University approves this study (No. PJ 2014-08-04).

A laboratory-made data acquisition system (ADS 1626, Texas Instruments, band pass filter: 20–500 Hz; A/D resolution: 18-bit; gain: 1,100 times), as shown in Figure 2, is used to collect the sEMG data frm 30 pieces of limb and trunk muscles related to crawling movement and pressure signals from the left and right palms simultaneously. The active sEMG electrodes are 23 mm length and 20 mm width, embedded with bipolar separating silver wires (the interval is 10 mm). The thin-film piezoresistive pressure sensors RP-C18.3-ST (18.3 mm diameter) produced by the company WAAAX) is adopted to collect pressure signals. As shown in Figure 3, the target muscles include the trapezius (TR), anterior deltoid (AD), latissimus dorsi (LD), biceps brachii (BB), triceps brachii (TB), brachioradialis (BR), extensor carpi radialis (ECR), flexor carpi radialis (FCR), rectus femoris (RF), vastus lateralis (VL), vastus medialis (VM), sartorius (SA), adductor longus (AL), biceps femoris (BF), and semitendinosus (SE). The electrode placement is performed according to SENIAM guidelines (Hermens et al., 2000). Since the most important function of the pressure signal is to divide the crawling cycle, the pressure sensors are placed only on the flexor pollicis brevis of left palm and right palm, respectively, and are fixed by the kinesiology tape. Both the sEMG electrodes and pressure sensors are connected to the data collection system via a USB. To avoid power frequency interference, a lithium battery is used to power the system. The signal sampling rate of each channel is set to 1,000 Hz. To ensure good contact with the skin, the electrodes are fixed by the kinesiology tape and double-sided tape (hollowed out by a punch).

[image: Figure 2]

FIGURE 2
 Illustration of the home-made data acquisition system.
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FIGURE 3
 Placement of sEMG sensors and pressure sensors.


To ensure that participants could complete crawling movement at the same speed, an audio guidance file is produced for each inter-limb coordination mode to guide the limb swinging order, with a rhythm of 2.33 s/cycle. Each audio guidance file contained at least 20 cycles. During the data collection experiment, the participants crawl on a foam pad (11.2 meters long and 0.8 meters wide). A mobile phone broadcast the audio guidance file, and participants complete crawling movements according to the recording prompts. Before the data collection, participants learn the rules (the waist should be parallel to the ground, the eyes should look straight ahead, and the limbs should swing naturally) for executing the crawling movement in the eight inter-limb coordination modes, and practice until they are proficient (can crawl according to the rhythm given by the recording file for more than 10 cycles without making mistakes).

During the experiment, at least two operators are needed, one operator moves with the electronics and the other moves with the computer since data transfer is carried out by USB. Artifacts may be introduced during crawling movement. In order to reduce the impact of artifacts, the following efforts have been made: (1) Before the data acquisition experiments, operators will make sure that the equipment wiring is firm and stable. On the one hand, the operators will carefully check each connection interface, especially the interface of the acquisition system and the interface of the computer, which connected by USB cable, to ensure that the connection is stable; on the other hand, the data transmission lines of sEMG electrodes and pressure sensors may interfere with each other, which may cause artifacts. In order to solve this problem, the data transmission lines of the sEMG electrodes and the pressure sensor of the same limb will be fixed with adhesive tape as shown in Figure 2; (2) During the data acquisition experiments, the experimental data of a crawling mode completed by each participant will be stored independently. As shown in Figure 2, one operator will observe the real-time signal on the computer. Once the obvious artifact noise is observed, the experimental data of this crawling mode will be discarded. And the data collection experiment will not be restarted until the artifact noise is eliminated; (3) In the data preprocessing stage, the sEMG signal will be high-pass filtered, demeaned, and low-pass filtered to obtain the envelope. These preprocessing steps of sEMG signals can further reduce the influence of artifact noise.

In each trial, participants complete the crawling task in order from M1 to M8. For each inter-limb coordination mode, the participants should complete at least 10 continuous crawling cycles without any action errors. The participants are asked to rest for about 5 min after a 10-min crawling movement to avoid muscle fatigue. Since participants are more likely to make action errors at the beginning or end of a crawling movement, the first and last two crawling cycles are abandoned. Consequently, for each inter-limb coordination mode, there are at least 8 effective crawling cycles for each participant. Table 2 shows the total number of crawling cycles across all the 8 modes (M1–M8) for each participant. All the data are saved in a laptop and are analyzed offline in MATLAB 2019a.



TABLE 2 The number of crawling cycles of each participant at three speeds.
[image: Table2]



2.3. Data preprocessing

Figure 4 shows a channel of sEMG signal and two channels of pressure signal collected during a crawling movement. The sEMG signals are high-pass filtered (window-based finite impulse response filter, 100th order, cutoff 30 Hz) to remove low-frequency noise signals, and then are demeaned, rectified, and low-pass filtered (window-based finite impulse response filter, 100th order, cutoff 10 Hz) to extract the envelope. Immediately after, the crawling cycles are segmented from the continuous signals. In this study, the time when the left hand ends its swing phase is considered to be the beginning of a crawling cycle. As shown in Figure 4, at the moment the left palm touching the foam pad (corresponding to the start of the left hand stance phase), the value of the pressure signal jumps from minimum to maximum in a short time, and drops to a minimum at approximately 2/3 cycles. Therefore, the pressure signal of the left palm is used for the segmentation of the crawling cycles. More specifically, a sliding window (length: 100 ms, increment: 1 ms) is adopted to find the crawling cycle starting points according to the following criterion: the first derivative on the left of the starting point is zero and the first derivative on the right of the starting point is greater than zero. When one crawling cycle starting point is found, the sliding epoch window is shifted 500 points (500 ms) to find the next crawling cycle starting point. Finally, the length of the crawling cycle is down-sampled to 1,000 points (1 s) and the sEMG amplitude per muscle is normalized to the activation peak across all crawling cycles in a given inter-limb coordination mode (Clark et al., 2010; Tang et al., 2015).

[image: Figure 4]

FIGURE 4
 Illustrations of sEMG signal and pressure signals collected during crawling movement, as well as the representative phases, namely left hand stance phase, left hand swing phase of crawling cycle, right hand swing phase, right hand stance phase. Red asterisks indicate the starting points of crawling cycles.




2.4. Muscle synergy extraction based on non-negative matrix factorization algorithm

In order to verify muscle synergy theory, that is, to explore whether the CNS controls crawling by recruiting muscle groups or individual muscles, this study carries out muscle synergy extraction on the crawling data of the 10 participants in all the eight crawling modes firstly. To extract the muscle synergy, the NNMF algorithm is applied to the preprocessed sEMG signal of each crawling cycle (Lee and Seung, 1999). As shown in Equation (1), a sEMG matrix M (m × n, m: the number of muscles, n: the length of the crawling cycle, m = 30, n = 1,000 in this study) can be decomposed into a muscle synergy structure matrix W (m × s) and the corresponding recruitment curve matrix C (s × n). Where E is the error matrix between M and the product of W and C and s is the number of muscle synergies. Each column of W represents one muscle synergy, and each row of C represents the recruitment curve of the corresponding muscle synergy. According to the NNMF theory (Lee and Seung, 1999), W and C start with a random non-negative initialization, and then are iterated by gradient descent until E drops to an expected value. The minimum number of muscle synergies is determined by the variability accounted for (VAF) shown in Equation (2). In this study, the threshold is set to 0.9.
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Pearson correlation coefficients, which can be calculated according to Equations (3) and (4), are adopted to evaluate the similarity of the two muscle synergies from the perspectives of structures and recruitment curves.

[image: image]
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In this study, we make the assumption that one participant would use the same neuromuscular control mechanism to complete multiple consecutive crawling cycles in the same crawling mode, and consider the cycle-to-cycle variability to be noise. To remove this noise from the analysis, the following process are adopted to extract muscle synergy from one type of crawling modes with L crawling cycles:

Step 1: Set s = 0;

Step 2: s = s + 1, extract muscle synergy and calculate the VAF value according to Equation (2) for each cycle, and compute the mean VAF by averaging the values of all L cycles;

Step 3: Check if the mean VAF is higher than 0.9. If yes, go to Step 4; else, go to Step 2;

Step 4: Stop the iteration and determine s as the number of muscle synergies;

Step 5: Align synergy matrices between cycles and average the L aligned synergy matrices as the final extracted muscle synergies of this crawling mode.

Aligning synergy matrices of different cycles is realized as follow. For the synergy structures matrices A = [[image: image]] and B = [[image: image]] extracted from two different cycles respectively, take matrix A as reference, reorder the synergies in matrix B, and calculate the total similarity of A and B as [image: image]. Among the all reordered matrices of B, taking the matrix [image: image] which get the maximum total similarity as matching matrix of A, namely the aligned synergy structure matrix. Accordingly, the corresponding recruitment curve matrix of [image: image] is considered as the aligned recruitment curve matrix.



2.5. Muscle synergy analysis scheme based on hierarchical clustering method

In order to in-depth reveal the control mechanism of the CNS in crawling, the following three questions are intended to be answered by muscle synergy analysis, namely: (1) Are there shared synergies when different participants crawl with the same inter-limb coordination mode? (2) Are there shared synergies between different inter-limb coordination modes? (3) Do these shared synergies reflect neuromuscular control mechanisms of the CNS during crawling movement? For these purposes, the three-step muscle synergy analysis scheme based on the hierarchical clustering method is performed.


2.5.1. Hierarchical clustering method

Hierarchical clustering is a greedy algorithm, which is usually implemented by agglomerative or divisive strategies (Murtagh and Contreras, 2017). In this study, the agglomerative strategy whose clustering process is equivalent to building a binary tree (dendrogram, in which the observations are all leaf nodes) is adopted. Specifically, for an observation matrix X = [X1, X2, …, XN]T, following operations are carried out to complete the hierarchical clustering on the N observation vectors:

Step 1: Initialize k = 2. Calculate the Euclidean distances between each two observations in observation matrix X according to Equation (5);

Step 2: Remove from X the two observations and with the smallest Euclidean distance and construct a new matrix Y = [Y1 = Xi,Y2 = Xj];

Step 3: Set k = k + 1 and calculate the Euclidean distances between Y and the remaining N-k + 1 observations in X according to Equation (6);

Step 4: Remove from X the observation [image: image] which has the smallest Euclidean distance from Y and expand Y = [Y1,Y2., Yk =  Xc]

[image: image]

d(Y, Xc) = min {d(Y1, Xc), d(Y2, Xc),…, d(Yk, Xc)}   (6)

Step 5: Repeat Step 3 to Step 4 until all observations in X are removed.

Finally, Y matrix with elements sorted by Euclidean distance is obtained. The single linkage method, whose principle is to cluster the two observations (or clusters) with the smallest Euclidean distance into one cluster each time, can be applied on Y to obtain the dendrogram as shown in Figure 5.

[image: Figure 5]

FIGURE 5
 The dendrogram obtained by the hierarchical clustering method in M3. The centroids of the four categories are marked by red five-pointed stars.




2.5.2. Intra-mode shared synergies extraction

To answer the question of whether there exist shared synergies when different participants crawl with the same inter-limb coordination mode, the intra-mode shared synergy structures and recruitment curves of 10 participants in each crawling mode are extracted in this study.

For the inter-limb coordination mode Mi (i = 1, 2, …, 8), assume that the extracted synergy number of participant Pj (j = 1, 2, …,10) is Nji and the total synergy number of the 10 participants is Ti=[image: image], synergies extracted from participants P1 ~ P10 are sequentially numbered 1 to Ti. The synergy structure vectors among participants in each inter-limb coordination are combined into a Ti*30 structure matrix WAi, and the synergy recruitment curves are combined into a Ti *1,000 recruitment curve matrix CAi. The hierarchical clustering method adopting agglomerative strategy mentioned above is applied on WAi and CAi, respectively.

After the dendrograms are obtained, the synergy structures or recruitment curves are classified into several categories based on an appropriate Euclidean distance. And the appropriate Euclidean distance needs to meet the following rules: (1) the number of synergies classified into the same category is larger than a threshold TH_1; (2) the number of categories is larger than a threshold TH_2. For each category, the centroid needs to be determined. Taking 0.6 as the similarity threshold (Ranganathan et al., 2016), the criterion of being the centroid is that the synergy has the greatest similarity with the remaining synergies, that is, the quantity greater than 0.6 is the largest in this category. After determining the centroids of all categories, synergies with a similarity less than 0.6 to the centroids are discarded. At last, the average of at least four synergies with similarity greater than 0.6 is used to represent this category of muscle synergy, that is, the intra-mode shared synergy.



2.5.3. Inter-mode shared synergies extraction

To answer the question of whether there exist shared synergies between different crawling modes, the inter-mode shared synergy structures and recruitment curves of the eight modes are extracted from the intra-mode shared synergies. In particular, the intra-mode shared synergy structures (or recruitment curves) extracted in the previous step are combined into a l*30 (or l*1,000) matrix, where l is the number of the intra-mode shared synergy structures (or recruitment curves). The extraction process of inter-mode shared synergies is similar with that of the intra-mode shared synergies. The average of at least four intra-mode shared synergy structures (or recruitment curves) with similarity greater than 0.6 is used to express this category of muscle synergy, that is, the inter-mode shared synergy.



2.5.4. Muscle synergy analysis scheme for exploring the neuromuscular control mechanism of the CNS

In order to explore the neuromuscular control mechanism of the CNS in human crawling, the characteristics of intra-mode/inter-mode shared synergy structures and recruitment curves need to be analyzed from the following aspects: On the one hand, to figure out whether more structural features or temporal features are shared among different participants when they crawl with the same inter-limb coordination mode, the proportions of the intra-mode shared synergy structures and recruitment curves among the extracted muscle synergies of the 10 participants is calculated and analyzed; On the other hand, in order to reveal the possible reasons why humans choose different inter-limb coordination modes during crawling, the functions achieved by inter-mode/intra-mode shared synergies, and their recruitment pattern in single-limb swing crawling modes M3 ~ M8 and two-limb swing crawling mode M1 and M2 will be analyzed in-depth.





3. Results and analysis


3.1. The number of muscle synergies extracted during crawling movement

Table 3 gives the number of muscle synergies extracted from 10 participants in each inter-limb coordination mode. It is easy to observe that, 4 to 7 synergies are extracted from each participant in each inter-limb coordination mode. When a participant completed a crawling task with a specific inter-limb coordination mode as one crawling trial, there are a total of 80 crawling trials in this study. Of these, 40% recruits 5 synergies, 30% recruits 6 synergies, 28.75% recruits 6 synergies, and only 1.25% recruits 7 synergies. These results support the muscle synergy hypothesis to some extent, namely, CNS controls the inter-limb coordination modes during crawling movement by recruiting a certain amount of muscle synergies, rather than a single muscle.



TABLE 3 The number of extracted muscle synergies, the intra-mode shared synergy structures and recruitment curves (*SUM: the total number of the muscle synergies extracted from each crawling mode; IAS: the total number of intra-mode shared synergy structures; IAR: the total number of intra-mode shared recruitment curves).
[image: Table3]



3.2. Demonstration of synergy clustering based on the hierarchical clustering method

To give readers a clear understanding of the specific process of synergy clustering based on the hierarchical clustering method, this section takes synergy structure clustering of the inter-limb coordination mode M3 among participants as an example to explain in detail. As shown in Table 3, a total of 49 synergies are extracted from all 10 participants in mode M3. Of those, 6 synergies extracted from P1 are numbered from 1 to 6, 6 synergies extracted from P2 are numbered from 7 to 12, and so on, 4 synergies extracted from P10 are numbered from 46 to 49. The synergy structure vectors among participants are combined into a 49*30 structure matrix WA3, and the hierarchical clustering method adopting agglomerative strategy is applied to it.

The dendrogram is obtained after using hierarchical clustering method. The appropriate Euclidean distance threshold is set to 1.90 to distinguish different categories, since it meets the rules: 1) the number of synergies classified into the same category is above 8, namely TH_1 = 8; 2) the number of categories is above 2, namely TH_2 = 2. As shown in Figures 5, 6 of the 49 synergy structures are discarded, and the remaining 43 synergy structures are divided into four categories. When using the criterion mentioned in MATERIALS AND METHOD to determine the centroid of each category, the centroid of Category 1 is confirmed to be the 26th synergy structure, the centroid of Category 2 is confirmed to be the 8th synergy structure, the centroid of Category 3 is confirmed to be the 13th synergy structure, and the centroid of Category 4 is the 10th synergy structure. After the centroids are determined, synergy structures with similarity less than 0.6 to the centroids is discarded, and those with similarity higher than 0.6 are averaged as the intra-mode shared synergy structure. The results of the synergy structure clustering in M3 are shown in the third row of Figure 6.

[image: Figure 6]

FIGURE 6
 Intra-mode synergy structures and inter-mode synergy structures. M1 ~ M8: Inter-limb coordination modes. W1 ~ W8: synergy structures.




3.3. Extraction results of intra-mode shared synergies and inter-mode shared synergies


3.3.1. Intra-mode shared synergies

In the clustering analysis experiment carried out to extract intra-mode shared synergies, for each inter-limb coordination mode, the muscles synergies extracted from all the 10 participants are clustered using the hierarchical clustering method, Figures 6, 7 show the clustering results of synergy structures and recruitment curves, respectively.

[image: Figure 7]

FIGURE 7
 Intra-mode recruitment curves and inter-mode recruitment curves. C1 ~ C8: recruitment curves corresponding to W1 ~ W8.


In Figure 6, the first eight rows give the intra-mode shared synergy structures for each mode, and the last row shows the inter-mode shared synergy structures. In each subgraph, the horizontal axis corresponds to the 30 muscles listed in the upper-right of the figure (1 ~ 15 correspond to muscles of the left body and 16 ~ 30 correspond to muscles of the right body). The number in the upper right represents the number of muscle synergies classified into this type of intra-mode shared synergy structure. In Table 3, the total number of the synergy structures identified as intra-mode shared synergy structures in each crawling mode is given as IAS. The values in the middle are the mean and standard deviation of the similarities between these synergy structures and the averaged synergy structure. It can be found that 3 ~ 4 intra-mode shared synergy structures are extracted from each inter-limb coordination mode, specifically, M1, M3, M4, M5, M6, M7, and M8 have 4, and M2 has 3. Therefore, there are 31 intra-mode shared synergy structures among the eight crawling modes in total.

In Figure 7, the first eight rows give the intra-mode shared recruitment curves for each mode, and the last row shows the inter-mode shared synergy recruitment curves. In each subgraph, the number in the upper-right represents the number of recruitment curves classified into this type of intra-mode shared recruitment curves. In Table 3, the total number of the recruitment curves identified as intra-mode shared recruitment curves in each crawling mode is given as IAR. The mean and standard deviation of the similarities between these synergy recruitment curves and the averaged recruitment curve are also given. The thin gray lines depict these similar recruitment curves, and the thick black line depicts the averaged recruitment curve. It can be found that 3 ~ 4 intra-mode shared synergy recruitment curves have been extracted from each inter-limb coordination mode, specifically, both M1 and M2 have 3, M3 ~ M8 all have 4. Therefore, there are 30 intra-mode shared recruitment curves among the eight crawling modes in total.



3.3.2. Inter-mode shared synergies

In the clustering analysis experiment for extracting shared synergies between the 8 inter-limb coordination modes, the 31 intra-mode shared synergy structures are further clustered, and 4 inter-mode shared synergy structures and 4 specific synergy structures are obtained. In Figure 6, the 4 inter-mode shared synergy structure are named W1 ~ W4 and depicted in red, pink, yellow and green colors, respectively. That is, subgraphs with the same color represent the same inter-mode synergy structure. The rest 4 synergy structures are named W5 ~ W8. In particular, W1 in M1, W2 in M5, W3 in M6, and W4 in M4 are the centroids of the four categories, which are marked with a five-pointed star.

When the 30 intra-mode shared recruitment curves are further clustered, four inter-mode shared recruitment curves, which also are defined as Pattern 1 to Pattern 4, are obtained. As shown in Figure 7, Pattern 1 mainly represents the synergy recruitment in the first quarter of the crawling cycle. Accordingly, Pattern 2, Pattern 3 and Pattern 4 represent the synergy recruitment of the second quarter, the third quarter, and the last quarter of crawling cycle, respectively.

In order to facilitate following exploration on the neuromuscular control mechanisms of human crawling movement, in each subgraph of Figure 7, the number of the synergy recruitment curves C1 ~ C8 corresponding to synergy structures W1 ~ W8 are also given, and the averaged recruitment curve of Ci is depicted in the same color with Wi (i = 1, 2, …, 8).




3.4. Analysis on the neuromuscular control properties of CNS during human crawling

Combined with the definitions of the eight inter-limb coordination modes and the shared synergy extraction results shown in Figures 6, 7 and Table 3, the following neuromuscular control properties of human crawling can be summarized:

At first, through the analysis of the intra-mode shared synergies, it can be found that the control of CNS on human crawling has better commonality in the aspect of synergy recruitment pattern than synergy structure. That is to say, when different participants complete the same crawling mode, they will share more temporal features. As shown in Table 3, for M1, there are 52 muscle synergies extracted from 10 participants, among them, 19 synergy structures are identified as intra-mode shared synergy structure, accounting for 36.5%. However, 37 recruitment curves of the 52 muscle synergies are identified as intra-mode shared recruitment curve, accounting for 71.2%. Similarly, in modes M2 ~ M8, the proportions of the intra-mode shared synergy structures are 41.2, 67.3, 68.8, 66, 68, 56 and 60% respectively, however, the proportions of intra-mode recruitment curves are 76.5, 83.7, 91.7, 88.7, 94, 84 and 92%, respectively. Additionally, the intra-mode shared recruitment curves have higher similarity (0.87 ± 0.05) than the intra-mode shared synergy structure (0.83 ± 0.02) among participants.

Secondly, through the analysis of the extraction results of inter-mode shared synergies, it can be found that CNS mainly realizes single-limb swing crawling modes M3 ~ M8 by recruiting the 4 inter-mode shared synergy structures whose main function is to complete the swing of each limb. As shown in Figure 7, the 4 inter-mode shared recruitment curves are extracted in the eight crawling modes. Pattern 1 to Pattern 4 represent each quarter of the crawling cycle from the beginning to the end. Since the M3 ~ M8 is defined as the limbs swinging successively and the time duration of each limb swinging is exactly 1/4 crawling cycle, Pattern 1 to Pattern 4 actually correspond to the swing phases of the four limbs. Taking M3 as example, the order of limbs swing is right hand→ left knee→ right knee→ left hand as shown in Table 1. It can be observed in Figure 7 that from Pattern 1 to Pattern 4, the recruitment curves are successively C1, C4, C2, and C3, namely the recruitment sequence of the 4 inter-shared synergy structures is W1, W4, W2, and W3 in a crawling cycle. Table 4 summarizes the recruitment order of the intra-shared synergy structures under the eight crawling modes. It can be found that for M3 ~ M8, W1, W2, W3, and W4 are recruited in different order according to the order of limbs swing.



TABLE 4 The recruited sequence of the intra-mode shared synergy structures.
[image: Table4]

In each synergy structure, the degree of activation of the muscle is scaled from 0 to 1, and the muscles activated more than 0.5 are defined as high level of activation. As shown in Figures 4, 6 inter-mode shared synergy structures W1 ~ W4 are extracted from the eight inter-limb coordination modes. In particular, W1 ~ W4 are shared by all the 6 single-limb swing modes M3 ~ M8. For W1, the muscles 1-TR, 4-TB, 16-TR, 18-BB, 20-BR, 21-ECR, and 23-LD are highly activated; for W2, the muscles 8-LD, 9-RF,10-VL, 11-VM, 17-AD, 19-TB, 22-FCR, 27-SA, 28-AL, 29-BF, and 30-SE are highly activated; for W3, the muscles 1-TR, 3-BB, 5-BR, 6-ECR, 8-LD, 15-SE, 16-TR, 17-AD, and 19-TB are highly activated; for W4, the muscles 4-TB, 7-FCR, 12-SA, 13-AL, 14-BF, 15-SE, 24-RF, 25-VL, 26-VM, and 27-SA are highly activated. Since the muscles TR, BB, BR, ECR and LD can provide the impetus for the hand to swing forward, W1 and W3 are responsible for the swing of the right hand and the swing of the left hand, respectively. The muscles SA, AL, BF, and SE can provide the impetus for the leg to swing forward, and the muscles RF, VL, and VM on the other side leg are to keep the body stable, so W2 and W4 are responsible for the swing of the right leg and the swing of the left leg, respectively.

Thirdly, through the analysis of the intra-mode and inter-mode shared synergies, it can be found that CNS realizes the two-limb swing modes M1 and M2 by recruiting specific intra-mode shared synergy structures. As shown in Figure 6, only one inter-mode shared synergy structure W1 is extracted in M1 and two inter-mode shared synergy structures W1 and W3 are extracted in M2. W5, W6, and W7 are the specific synergy structures that only appear in M1, and W8 is the specific synergy structure that only appears in M2. In the meanwhile, unlike the single-limb swing modes, which recruit the four inter-mode shared synergies in turn, the two-limb swing modes sometimes recruit two synergies simultaneously. As shown in Figure 7, in crawling mode M1, W1 and W5 are recruited together, and W6 and W7 are recruited together. In crawling mode M2, W1 and W8 are recruited together.

In crawling mode M1, W1, and W5 are recruited together to complete the swing of the right hand and the right leg simultaneously, and W6 and W7 are recruited together to complete the swing of the left hand and the left leg. The muscles 20-BR, 21-ECR, 23-LD, 27-SA, 28-AL of W1 and the muscles 18-BB, 20-BR, 21-ECR, 23-LD, 30-SE of W5 are high activated to provide the impetus for the right hand and right leg to swing forward; the muscles 1-TR, 2-AD, 3-BB, 4-TB of W1 and the muscles 9-RF, 10-VL, 11-VM, 14-BF, 15-SE of W5 are highly activated to keep the body stable. The muscles 5-BR, 6-ECR, 8-LD, 12-SA, 13-AL of W6 and the muscles 3-BB, 5-BR, 6-FCR, 8-LD, 15-SE of W7 are high activated to provide the impetus for the left hand and left leg to swing forward; the muscles 24-RF, 25-VL, 26-VM, 29-BF, 30-SE of W6 and the muscles 16-TR, 17-AD, 18-BB, 19-TB of W7 are high activated to keep the body stable.

In crawling mode M2, W1, and W8 are recruited together to complete the swing of the right hand and the left leg simultaneously. The muscles 14-BF, 15-SE, 20-BR, 21-ECR, 23-LD of W1 and the muscles 12-SA, 13-AL, 17-AD, 19-TB, 22-FCR of W8 are highly activated to provide the impetus for the right hand and left leg to swing forward, and the muscles 4-TB, 24-RF, 25-VL, 26-VM of W1, and the muscles 1-TR, 2-AD, 3-BB, 4-TB, 7-FCR of W8 are high activated to keep the body stable. For W3, the muscles 3-BB, 5-BR, 6-ECR, 8-LD, 29-BF, and 30-SE are highly activated provide the impetus for the left hand and right leg to swing forward; The muscles 9-RF, 10-VL, 11-VM, 19-TB are highly activated to keep the body stable.




4. Discussion

This study carries out muscle synergy extraction and analysis on human crawling movement with eight specific inter-limb coordination modes. The research results have the following significance for people to further understand the neuromuscular control mechanism of crawling movement.


4.1. Verification of the muscle synergy hypothesis in crawling movement

Numerous studies on human locomotion, such as reaching (d’Avella et al., 2006), cycling (De Marchis et al., 2013), bench press (Kristiansen et al., 2016), walking (Shuman et al., 2016; Taborri et al., 2018), and rowing (Turpin et al., 2011), have demonstrated that muscle synergies are robust and have similar control mechanism under various experimental conditions, including intra-day and inter-day, and intra-participant and inter-participant (Torres-Oviedo et al., 2006; Turpin et al., 2011; De Marchis et al., 2013; Kristiansen et al., 2016; Shuman et al., 2016; Taborri et al., 2017; Santos et al., 2020). Santos et al. evaluated the intra-and inter-day reliability of muscle synergy of a strength training complex task (the power clean). They found that high intra-day similarity values were shown in synergy structure matrix, synergy recruitment curves, and individual electromyographic profiles. Inter-day muscle synergy structures had moderate similarity, while the synergy recruitment curves were strongly related (Santos et al., 2020). For walking gait, Shuman et al. investigated the repeatability of muscle synergies between days for both typically developing children and children with cerebral palsy, and found there was no significant inter-day difference in muscle synergies of the two children groups (Shuman et al., 2016). In another study on walking, Taborri et al. quantified the intra-participant and inter-participant variability of muscle synergy, and found that both the intra-participant and inter-participant variability were negligible. Based on the intra-limb muscle coordination analysis, high structural similarity of muscle synergies was found among participants (Taborri et al., 2018).

As mentioned in the Introduction, the works of Chen et al. (2017), Gao et al. (2018), Xiong et al. (2018), and Li et al. (2019) showed that the muscle synergy hypothesis also had been verified in human crawling. However, the existing researches mainly involved two inter-limb coordination modes, namely pace-like mode and trot-like mode, and the research results were relatively preliminary. The research results of this paper provided new evidence for the muscle synergy hypothesis from the perspective of crawling movement. 4 ~ 7 muscle synergies were extracted from each participant in each inter-limb coordination mode, which demonstrated that CNS controls the inter-limb coordination modes in human crawling by recruiting a certain amount of muscle synergies, rather than a single muscle. The above result supports the already known body of knowledge that synergy exists in the sequential stimulation of the muscles of the limbs so that they finally as a team completes a movement. Further, similar to other human locomotion such as walking etc., the muscle synergies were found to be shared among participants and crawling modes. When different participants crawled with the same inter-limb coordination mode, 3 ~ 4 intra-mode shared synergies were extracted. Through the analysis of the intra-mode shared synergies, we found that the control of CNS on human crawling had better commonality in the aspect of synergy recruitment pattern than synergy structure. That is to say, when different participants completed the same crawling mode, they shared more temporal features.

In the study on the intra-limb muscle coordination of adult crawling movements, Chen et al. found that two synergies could be extracted from each upper limb to represent the swing phase and stance phase, respectively (Chen et al., 2017). The authors claimed that, a two-level central pattern generator (CPG) model (Brown, 1911), which consisted of a half-center rhythm generator (RG) and a pattern formation (PF) circuit, can be adopted to explain the above results. In this study, four inter-mode shared synergies, which are related to the swing of the four limbs, were extracted. The results of the inter-limb coordination analysis conformed to CPG model well. The PF circuit can be represented by synergy structures, and the RG can be represented by recruitment curves. RG mediated the recruitment of the swing phase related synergies to control one certain limb, four limbs were recruited one by one to finish the crawling task in modes M3 ~ M8, and two limbs were recruited together to finish the crawling task in modes M1 and M2.

In addition, as an already known body of knowledge, crawling is a milestone in a developing human from an infant. When the neural stimulation occurs from the motor cortex, concerted contraction of the regional muscles happens so that the supporting system of the body first has four points of contact with the ground and later has two points of contact. In this study, by analyzing intra-mode shared synergies among participants and inter-mode shared synergies among the eight inter-limb coordination modes, the CNS is found to realize single-limb swing crawling modes by recruiting the four inter-mode shared synergy structures related to the swing function of each limb in different orders, and realize the two-limb swing crawling modes by recruiting synchronously two intra-mode shared synergy structures. Therefore, the realization of single-limb swing crawling modes M3 ~ M8 is easier than that of two-limb swing crawling modes M1 ~ M2. It may be the reason why infants first have four points of contact with ground and later have two points of contact.



4.2. The possible explanation for the choice of inter-limb coordination mode during human crawling

Crawling is the first mobility for most human beings (Adolph et al., 1998) and it plays a vital role in human growth and development. Various inter-limb coordination modes are available when human beings crawl (Adolph et al., 1998). As mentioned in Introduction, the inter-limb coordination modes of human beings can be classified according to the sequence and relative timing of limb movements, and they can be mainly divided into pace-like mode, in which the ipsilateral limbs move together; trot-like mode, in which the diagonal limbs move together; and no-limb-pairing mode, in which all limbs move at regular intervals. Ma et al. found that human adults preferred to crawl in trot-like gait and no-limb-pairing gait at low speed, and preferred to crawl in trot-like gait and pace-like gait rather than no-limb-pairing gait at high speed (≥ 2 km/h) (Ma et al., 2017). Chen et al. also found that human adults would like to choose no-limb-pairing gait at low speed and pace-like gait or trot-like gait at high speed (Chen et al., 2017). Righetti et al. called the trot-like gait as “the standard crawling gait” and claimed that although there were very different strategies for infants crawling, i.e., the belly touching ground or not, using four limbs or three limbs, with different types of limb coordination, the trot-like gait was the most common gait (Righetti et al., 2015). Freedland et al. found that infants choose trot-like gait in their second week on hands-and-knees crawling (Freedland and Bertenthal, 1994). Cole et al. found that the trot-like gait was the predominant gait not only in hands-and-knees crawling but also in hands-and-feet crawling (Cole et al., 2019). Patrick et al. claimed that trot-like gait was the predominant gait of infants, and the pace-like gait was never observed (Patrick et al., 2012).

In summary, existing studies show that trot-like is the most widely used inter-limb coordination mode in crawling, whether in adults or infants, at low or high speeds. No-limb-pairing gait only occasionally occurs in adults at low speed crawling, and pace-like mode only occasionally occurs in adults at high speed crawling. However, the reason why human beings choose the specific inter-limb coordination modes during crawling remains to be explored. Based on the results of the muscle synergy analysis of human crawling movement in this paper, we attempt to explain the possible reasons for the choice of inter-limb coordination modes in human crawling as below:

1. No-limb-pairing is a mode of single-limb swing or three-limb support, and trot-like and pace-like are two-limb swing/support modes. In this study, through the analysis of the shared muscle synergies, we found that CNS mainly realizes no-limb-pairing crawling modes M3 ~ M8 by recruiting the 4 inter-mode shared synergy structures related to the swing of the four limbs in turn, however, controls the pace-like crawling mode M1 and trot-like crawling mode M2 by recruiting specific intra-mode shared synergy structures. Relatively speaking, the three-limb support provides better stability than the two-limb support, at the same time, it is easier to control the swing of one limb alone than to control the swing of two limbs simultaneously, which maybe the reason why some adults occasionally choose no-limb-pairing gait at low speed crawling. However, the swing of the four limbs in turn makes it difficult to improve the crawling speed. The case that recruiting intra-mode shared synergies simultaneously seems to be more beneficial to improving the stride frequency than recruiting inter-limb shared synergies in turn, and it may be the reason why adults would like to adopt trot-like mode or pace-like mode at high speed.

2. Trot-like is the two-limb swing/support mode using contralateral limbs. In the crawling process, the contralateral limbs swing or support at the same time, which is easy to maintain balance at both high and low speed. Vitali et al. (2019) found that trot-like gait can exhibit superior limb coordination, and can produce faster crawl speeds and shorter crawl stride times. Alexander (1992) claimed that although many inter-limb coordination modes would appear during infants crawling, the trot-like gait was most biomechanically efficient and stable. In this study, the hands-knees crawling movement is the research object. Relatively speaking, the upper limbs play a more dominant role in the crawling process. The results of Figure 6 show that the trot-like mode M2 and no-limb-pairing mode M3 ~ M8 share synergy structures W1 and W3, which correspond to swing functions of right hand and left hand, respectively. Meanwhile, it can be observed from Figure 7 that W1 and W3 play a decisive role in the Pattern 2 and the Pattern 4, respectively. The above results imply that trot-like mode can provide similar stability comparing to no-limb-pairing mode. At the same time, as mentioned above, the two-limb swing mode has advantages in improving the crawling speed than the single-limb swing mode. Therefore, the trot-like mode has become the crawling mode that humans are most willing to choose.

3. Pace-like is the two-limb swing/support mode using ipsilateral limbs. During crawling, the ipsilateral limbs swing or support at the same time, which is not easy to maintain balance. Patrick et al. (2012) pointed out that no-limb-pairing gait and trot-like gait could offer higher stability than pace-like gait, and the pace-like gait seemly required a more mature nervous system (Patrick et al., 2012). The results of this study (Figure 6) show that the pace-like gait M1 and no-limb-pairing gait M3 ~ M8 only share the synergy structure W1 corresponding to the swing function of right hand (and the similarity is low). Meanwhile, it can be observed from Figure 7 that W1 only plays a decisive role in the Pattern 2. The above results imply that the stability of pace-like gait is lower than the trot-like gait and no-limb-pairing gait, which supports the viewpoint of Patrick et al. As for why some adults occasionally choose pace-like gait at high speed, we speculated that the reason is the reduced need for stability at high speed.



4.3. Limitations

This study has some limitations and its future work directions are as follows: at first, although hands-and-knees crawling is the posture mainly adopted by human beings, the muscle synergy analysis needs to expand to other crawling postures, such as hands-feet, scooting, creeping on the belly; Secondly, it is necessary to expand our work to different age groups such as infants, children and the elderly; Thirdly, the methods and results of this study whether can be applied to the clinical analysis is needed to be demonstrated.




5. Conclusion

Different from the relevant studies, which focus on muscle synergy analysis of autonomously selected inter-limb coordination modes at self-selected crawling speed (Patrick et al., 2009, 2012; Righetti et al., 2015; Xiong et al., 2018), the novelty of the crawling research carried out in this paper is that it expands the research object from the three typical modes to eight modes. To the best of our knowledge, this is the first work to conduct muscle synergy analysis on the eight inter-limb coordination modes during crawling movements. The main contribution of this study is that it reveals the following neuromuscular control properties of human crawling, including: (1) CNS controls the crawling movement by recruiting a certain amount of muscle synergies, rather than a single muscle, and different participants share more temporal features in recruiting muscle synergies when they complete the same crawling mode; (2) CNS mainly realizes single-limb swing crawling modes by recruiting the 4 inter-mode shared synergy structures related to the swing phase of each limb in different orders, and realizes the two-limb swing crawling modes by recruiting two specific intra-mode shared synergy structures at the same time. Based on the results of the muscle synergy analysis on human crawling movement, another contribution of this study is to try to explain the possible reasons for the choice of inter-limb coordination modes during crawling. The research results of this paper contribute to the in-depth understanding of the neural control mechanism of CNS on human crawling.
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