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ABSTRACT 

According to the United Nations, there are roughly 130 million infants born each year. In 

addition, approximately one in six children in the US are diagnosed with a developmental 

disability (CDC, 2019). Because some of the developmental disabilities have negative effects on 

motor development, researchers have begun investigating how assistive technology can be used 

in combination with training to address infants' mobility impairments. This research report 

examines the immediate effects stemming from the use of an open-area body weight support 

device on infant crawling locomotion. More specifically, it discusses the rationale for addressing 

this research question and conducting this research study, and describes the study protocol and 

the data collection procedures. In addition, it provides information on the analysis tools 

developed for future use and presents preliminary results based on crawling data from one 

participant. Lastly, limitations and suggestions for further exploration of the data for this 

participant and for the whole group in the future are also discussed.  
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INTRODUCTION 

Infants’ overall development is impacted by their ability for locomotion, which develops 

as infants discover how to move their bodies within the environment.1,2 Crawling is a 

fundamental type of prone locomotion that emerges after upright sitting and before walking.3 It 

is characterized by a sequential displacement of all four limbs, through a swing and stance phase, 

and with no stops or perturbations.4–6 The swing phase is defined as the time that the limb is 

lifted off the surface of support, and the stance phase is the time that the limb is placed back on 

the surface of support.4 Both the acquisition of crawling onset and crawling experience over time 

affect various aspects of an infant’s development.  

The ability to move around provides opportunities for visual motion processing, 

intercepting objects, and interacting with others, leading to the development of depth perception 

of the surroundings, spatial memory, and cognitive function.1,7–9 For example, crawling infants 

who are tasked to move across the floor to a table and retrieve a toy have been found to be more 

successful than infants that are typically passively carried by their parents.7 Additionally, 

crawling infants acquire unique experiences for visual guidance of their locomotion due to their 

closer view of the floor, which is not found in other types of locomotion such as walking.8 

Lastly, it seems that crawling experience is important for developing other motor skills later in 

life, such as the ability to perceive and imitate different body postures (aka motor imitation).9 

Consequently, understanding better the characteristics of crawling locomotion is essential so as 

to be able to design interventions and technology to promote crawling in populations that present 

impaired crawling ability and/or onset delays. 

Infants learn by experience which is acquired while moving under different 

environmental and task conditions.5,10 Typically developing (TD) infants move frequently, which 
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strengthens the neural connections to a particular movement and increases stability in repeating 

various patterned actions over time.11 Specifically in crawling, as infants practice this skill, they 

learn how to use opposite limbs and move those simultaneously.4 Diagonal crawling gait is a 

more dynamically stable pattern, compared to the ipsilateral pattern, as it minimizes side to side 

variations of the center of mass.12 Infants with Down syndrome (DS), however, do not seem to 

move as frequently and may move in different ways than their TD peers.13 DS is a congenital 

disorder caused by an extra copy of chromosome 21 affecting about one in every 700 births.14 

Infants with DS face developmental delays, including in crawling skill acquisition.14  

Many studies indicate that infants with DS acquire new skills and behaviors at a slower 

rate than their TD peers of the same age.13,15 Although they present the same sequence of motor 

milestone development as TD infants, starting with sitting upright and crawling, as they progress 

to walking, the developmental gap between TD infants and infants with DS grows wider.16–18 On 

average, infants with TD start hands-and-knees crawling by about 8-9 months,4 while infants 

with DS start crawling by an average of about 15 months.18 This discrepancy can be attributed to 

various changes in the infants’ bodies as time progresses which can be related to the DS 

diagnosis, or simply, to growth. Bodily restrictions, such as joint hypermobility and muscle 

hypotonia can hinder movement and impact spatial development.17 In addition, as infants get 

bigger, their center of gravity turns out to be higher and their base of support becomes smaller 

and less stable.18 Consequently, infants with DS may need more time practicing movements in 

order to acquire and refine the crawling skill.19  

A way to promote motor practice on skills not acquired yet, and hopefully decrease the 

developmental gap between TD infants and infants with DS, is through the use of assistive 

technology (AT). There are various forms of AT, ranging from low-technology equipment, such 
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as switches, head pointers, picture boards, crutches, to more high-technology equipment, such as 

computers, and power wheelchairs.20 A few examples of AT to promote mobility and locomotor 

ability specifically involve powered mobility devices, adapted canes, virtual reality technology, 

treadmills, and body weight support devices.16,21–27 For example, a study focused on treadmill 

training of infants with DS provided opportunities for practicing a repeated pattern of stepping, 

resulting in a reduced delay in the onset of independent walking.16 Another type of AT, more 

recently introduced for overground locomotor training, are body weight support (BWS) devices. 

These devices reduce the effect of gravitational force on the body that may hinder a user from 

performing movements on their untrained limbs. Nevertheless, reliance of the user on a BWS 

device to move can be avoided by reducing the amount of support as mobility improves.22 

Previous studies have explored the effects of BWS on walking gait and general mobility 

in young children and infants with cerebral palsy,28,29 spina bifida,23 and DS.24,25 In general, AT 

to assist various forms of locomotion early in life, such as crawling in infants and young 

children, is limited,30,31 and to our knowledge, the effects of BWS on crawling gait of infants is 

not adequately explored. In addition, most of the studies on crawling focus primarily on TD 

infants,4–7,32,33 and less on infants with DS.17 By providing infants with DS with opportunities to 

practice crawling under altered conditions, such as by providing BWS, may lead to the 

acquisition of an earlier crawling onset compared to the average acquisition for infants with DS, 

the emergence of different styles of crawling (e.g., belly, hands-and-feet, hands-and-knees, etc.), 

and may improve their spatial awareness. 

The goal of this research study is to assess changes in the crawling locomotion of infants 

with and without DS through the use of BWS. The BWS is provided through an open area 

support device that allows for the study of overground locomotion. The hypothesis is that 
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immediate changes will be observed under BWS which will be transferred to crawling gait 

without BWS. Thus, this study focuses on the immediate differences of crawling gait 

characteristics across BWS conditions, and not the longitudinal effects of BWS on crawling. 

METHODS 

Data Sample 

 Restrictions placed on campus because of the COVID-19 pandemic did not allow for the 

analysis of the whole group of 15 participants. Therefore, this report focuses on the rationale for 

conducting this research study, and describes the study protocol and the data collection 

procedures. In addition, it provides information on the analysis tools developed for future use 

and presents preliminary results on the data from one participant. The participant is an 11-month-

old TD infant with the acquired ability of hands and knees crawling without assistance.  

Device 

 All infants used the assistance from an open area BWS device when crawling. The BWS 

device is an overhead canopy system that allows movement throughout the three-dimensional 

space. It consists of three 10-ft long beams; two stationary beams placed in parallel on opposite 

sides of the covered area, and one movable beam which is placed perpendicularly to the other 

beams. A harness is connected to the moveable beam that supports the user’s body around the 

waist and through the crotch. More information on the setup and use of this specific BWS device 

type can be found in Kokkoni and Galloway (2019).25 

Data Collection 

 All infants performed crawling trials under three conditions: without BWS, with BWS, 

and again without BWS. This protocol was followed in an effort to study transfer of learning 
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across conditions, and to test whether potential new characteristics of crawling gait experienced 

in the second condition could be transferred into the third condition (and compare potential 

differences to the first condition). This is similar to an ABA research design that follows a series 

of baseline, treatment, and post-treatment periods, allowing for the study of learning of a new 

skill trained during the treatment period.34  

Video recordings of each trial collected from a video action camera placed on the ceiling 

were utilized. The frame rate was set at 30 frames per second. A circular marker was placed in 

the middle of the lumbar region of the infants’ body to analyze the movement of their body 

during crawling.  

Data Analysis 

 In order to analyze the body movement of the TD infant during crawling gait across 

conditions, the crawling sequence had to be defined. Crawling onset and offset times were 

identified and annotated from the videos for each trial (Figure 1).  

 

     (A)      (B)         (C)              (D)             (E)   (F) 

Figure 1. Illustration of one complete crawling cycle. The highlighted limb indicates 

motion. The marker on the lumbar region is also indicated. (A) Participant in starting 

hands and knees crawling position. (B) The first frame an arm is lifted indicating forward 

progression. (C) The opposite side knee is lifted. (D) The opposing arm is lifted. (E) The 

remaining knee is lifted. (F) All limbs have returned back to starting position. 
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(A)          (B)  

Figure 2. Examples of trajectories obtained from tracking the marker placed in the 

lumbar region. (A) Trajectory superimposed on the video. (B) Trajectory extracted and 

used for further analysis. 
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As shown in Figure 1, the onset of the crawling sequence was considered the first frame 

the participant started making a forward motion while being on their hands and knees and 

simultaneously lifting one of their hands off the ground (Figure 1B). The offset of the crawling 

sequence was considered the first frame that the last knee touched the ground at the end of each 

crawling cycle (Figure 1E).  

The next step involved tracking of the circular marker placed on the infant’s body in 

order to obtain the x and y coordinates at each frame. A video motion analysis software 

(Kinovea.org) was used to track the marker and obtain the movement trajectories (Figure 2). The 

marker was tracked throughout the entirety of the trial, with the exception of when the infant did 

not display hands and knees crawling, the infant was held by another person, or the marker was 

occluded (Figure 2). 

The analysis of the trajectories from every trial was performed in MATLAB (R2019b, 

The Mathworks Inc., MA) in order to compute the variables Total Path, Average Velocity, Peak 

Velocity, Straightness Index, and illustrate Phase Portraits.  

The Total Path indicates the total distance travelled during the crawling trial. Average 

Velocity and Peak Velocity are mathematical calculations that provide information on the change 

of the distance travelled over time. The Straightness Index is the net displacement distance 

travelled, or the Euclidean distance between the start and final point, divided by the total length 

of the trajectory.35 This is a unitless measurement of how straight the path is relative to the final 

point and varies from zero to one. The closer the path is to one the straighter the path. This index 

has also been used to study animal locomotion, in order to evaluate the animal’s path tortuosity, 

the opposite of which (i.e., a straight path) is an indication of an animal’s good orientation and 

searching behavior in their pursuit of a goal in space.35  
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Lastly, another variable considered to describe the obtained trajectories was the Phase 

Portraits. These phase plane portraits are movement geometric representations that provide 

information on the organization of the neuromuscular system during movement. They take note 

of stable and unstable states by the determination of attractors and repellers and are acquired by 

continuously plotting the displacement on the y axis against its instantaneous velocity on the x 

axis.36 Such analysis has been previously used to study the movement of different body parts, 

such as the jaw movements in infant speech, leg movements in infant kicking, arm movements in 

infant reaching, and postural control in infant sitting.36–38 In our context, this variable can 

provide information on the stability of the body movement during crawling in infants. 

RESULTS 

 The preliminary results on the TD infant show support for our hypothesis. First, the infant 

successfully used the BWS and completed each trial by crawling from the beginning point to the 

ending point. However, there were times when the participant did not perform hands and knees 

crawling during the trial (e.g., paused to observe something in the environment). As mentioned 

previously, these were omitted from the computed variables.  

The infant’s performance in the initial condition, without the BWS, was as follows: 

Average Velocity = 12.87 cm/s, Peak Velocity = 15.37 cm/s, Total Path = 272.3 cm, and 

Straightness Index = 0.07076. After the use of BWS, in the third condition, the TD infant again 

did not use the BWS but displayed a slight increase in the following: Average Velocity = 13.29 

cm/s, and Straightness Index = 0.07666, compared to the first condition. In addition, the 

following variables slightly decreased: Total Path = 260.7 cm, and Peak Velocity = 15.07 cm/s., 

compared to the first condition. This result suggests that the infant moved faster on average and 
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in a straighter path toward the goal after the condition in which the infant crawled with BWS. 

Unfortunately, there was not enough usable data from the second condition with the participant 

utilizing the BWS, so analysis of the trajectory was omitted.  

The next part of the analysis on the Phase Portraits required multiple steps. As it can also 

be observed in Figure 2, there is a trend associated with the direction of the infant, which is 

irrelevant to the movement of the trunk. Therefore, in order to perform the necessary calculations 

and accurately depict the phase portraits, these trends were removed in an initial step. Figure 3 

shows the original data and the detrended data, which were obtained from the analysis in 

MATLAB. 

 The next step was to utilize the detrended data in order to create the Phase Portraits that 

capture the behavior of a dynamical system by plotting the variable and its first derivative with 

respect to time. For this initial examination, and as also indicated by the yellow section of the 

detrended data lines, the Phase Portraits were computed utilizing portions of the data. Based on 

these sections, it seems that after the condition with the BWS, the infant presents more stable 

movement of the trunk during crawling. 

DISCUSSION 

 The purpose of this research study was to explore the effects of BWS on the crawling gait 

of infants. The opportunity to practice overground crawling gait, through the use of an open area 

BWS device, may have beneficial effects on the crawling performance of infants with 

developmental delays, such as DS, and may provide opportunities for motor learning. 

Specifically, this report describes the rationale for addressing this research question, and details 

the study protocol and the data collection procedures. In addition, it provides information on the  
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Figure 3. Graphs depicting the paths of the participant. Left: 1st condition, without BWS. 

Right:3rd condition, without BWS. (A) and (B): Position vs time graph in the x-direction. (C) 

and (D): Velocity vs time graph in the x direction.  The blue lines include the trend from the 

change in direction of the infant, causing an increasing slope. The pink/yellow lines show the 

detrended to zero data. This process was done for the position vs. time and velocity vs time.  
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Figure 4. Phase portraits obtained by continuously plotting the displacement on the y axis 

against its instantaneous velocity on the x axis. (A) First condition, without the BWS. (B) 

Third condition, without BWS. The portrait in the bottom illustrates reduced variability on 

the oscillations of the marker over time.  
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analysis tools developed for future use and presents preliminary results on the data from a TD 

infant. During the crawling session, the objective for the infants was to crawl from a specified 

start toward an end point without restrictions to the amount of time needed to reach the goal. 

Preliminary results from one participant suggests that after BWS, crawling may become faster 

and more consistent and predictable compared to before the use of BWS. A group of variables 

was computed, such as different velocities, straightness index, path length, and phase portraits. 

Analysis of the remaining participants and formal statistical analysis in the future will define if 

this pilot result is confirmed. Nevertheless, the following paragraphs discuss the pilot results 

coming from that one participant infant. 

 Average and peak velocities were obtained from the participant data. Velocity can 

provide an insight on the changes of the swing and stance phases during crawling. Prior studies 

inferred that increasing speed comes mainly from the decrease in the stance phase while the 

swing phase remains constant.12 Another study also suggests that superior limb coordination with 

a diagonal gait may produce a faster crawling speed resulting in higher performance, with the 

opposite being that low performers crawl at slower speeds, present longer crawling stride times, 

and poor limb coordination.12 In our study, the TD infant’s Average Velocity increased from 

12.87 cm/s to 13.29 cm/s after the use of the BWS. However, the Peak Velocity decreased from 

15.37 cm/s to 15.07 cm/s after BWS use. Although these findings are conflicting, the average 

velocity is the main indicator that the participant crawled faster after utilizing the BWS device.  

Phase portraits showed oscillatory trends on body movement while performing crawling 

gait. Human infants are not the only animals that display quadruped locomotion behaviors.6 The 

development is a result of improved posture, neuromuscular control, and experience, which is 

why it is vital for infants to utilize hands and knees crawling in an optimal way.6 Due to the 
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functionality of an infant during crawling gait, it is more mechanically constrained and not in an 

optimal form.6 The oscillations indicate that the participant is moving towards the supporting leg, 

and swinging to the next leg for the next movement as defined through the swing and stance 

phase.6 The period of oscillation shows that the infants have the same dynamic organization of 

movement and velocity as adult skilled movements.39     

 Phase portraits are used for gait analysis because of their cyclic, dynamic representations 

of motion shown by plotting position against velocity.40 They have shown a pattern of increased 

gait stability through infant development, specifically for characterizing motion at a specific 

joint.41 Since the participant was constantly moving during the trial, it is observed that the 

fluctuations in the radius of the phase portrait are consistent with the movement being made.41 A 

study has shown that phase portraits for gait development may vary between children with a 

developmental coordination disorder and TD children.40 Another study found that when an infant 

becomes a better walker, their trajectory shown on the phase portrait is more stable and has less 

variability, so that each orbit produces the same path.42 This study is taking the concepts of 

improved walking through phase portrait analysis and applying it for crawling gait. Phase 

portraits can determine whether the participant has mastered crawling because the variability of 

the dynamics would cease.42 Phase portrait analysis is used to understand the dynamics of 

movement of the participant and whether mastery of crawling has occurred.   

Analyzing phase portraits is helpful for understanding the dynamics of crawling gait 

because portraits display elements of constant coordination.39 By looking at different phase 

portraits, the participant in our study seems to have more consistent body motion during crawling 

in the third condition, after the BWS use. Consistency was determined by examining both phase 

portraits and analyzing the variability of the radius of each cyclic movement. Thus, a preliminary 
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conclusion is that the BWS contributed to decreased swaying of the infant’s body during 

crawling, as shown by the decreased radius of the phase portrait in the last condition without the 

BWS use. It seems that the BWS provided by the device through the overhead metal pole assists 

the infant with keeping the path of the body more stable. 

 The above discussion is based on the preliminary findings based on crawling data from 

one TD infant, and thus, there are some limitations and suggestions for further exploration of the 

data for this participant and for the whole group in the future. The major limitation to the 

completion of the analysis for this report was primarily due to the COVID-19 pandemic 

disrupting the analysis of crawling gait trials performed by more TD infants and infants with DS. 

Another limitation to the analysis of the data in this study is the various occlusions to the body 

marker, mainly stemming from the movable beam of the BWS device. Applying interpolation 

tools in the data may be useful in these cases as a future consideration.  

Suggestions for future work also include considerations for more variables to describe the 

crawling gait and general future research directions. For example, a potential variable that could 

be computed is the duration of the swing and stance phases of each limb to further confirm 

whether the change in speed is due to the reduction of the stance phase duration. On another 

note, the specific analysis in this report is focused primarily on the hands and knees crawling 

style. This specific research study can be used as a reference for further work on AT that can be 

used as part of intervention to train other crawling gait styles, such as hands and feet crawling, 

belly crawling, or even walking. Lastly, based on previous findings on infant locomotion, it 

might also be beneficial to observe the number of falls or times the infants lose balance while 

crawling before and after using the BWS.43  
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CONCLUSION 

Crawling is a motor developmental milestone that most infants acquire during the first 

few months of life. This timeline varies depending on various factors related to the environment, 

the organism, and the task itself, and is challenging for some populations, such as those 

diagnosed with DS. The present study examines the immediate effects of BWS on the crawling 

gait of infants and describes the use of various variables, such as velocities and phase portraits to 

assess changes in crawling. Future analysis will reveal the amount of change that BWS may have 

on the crawling gait of infants with and without DS.   
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