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Abstract  
The Test of Gross Motor Development 2 (TGMD-2) is currently 
the standard approach for assessing fundamental movement skills 
(FMS), including locomotor and object control skills. However, 
its extensive application is restricted by its low efficiency and re-
quirement of expert training for large-scale evaluations. This 
study evaluated the accuracy of a newly-developed video-based 
classification system (VCS) with a marker-less sensor to assess 
children’s locomotor skills. A total of 203 typically-developing 
children aged three to eight years executed six locomotor skills, 
following the TGMD-2 guidelines. A Kinect v2 sensor was used 
to capture their activities, and videos were recorded for further 
evaluation by a trained rater. A series of computational-kine-
matic-based algorithms was developed for instant performance 
rating. The VCS exhibited moderate-to-very good levels of agree-
ment with the rater, ranging from 66.1% to 87.5%, for each skill, 
and 72.4% for descriptive ratings. Paired t-test revealed that there 
were no significant differences, but significant positive correla-
tion, between the standard scores determined by the two ap-
proaches. Tukey mean difference plot suggested there was no 
bias, with a mean difference (SD) of -0.16 (1.8) and respective 
95% confidence interval of 3.5. The kappa agreement for the de-
scriptive ratings between the two approaches was found to be 
moderate (k = 0.54, p < 0.01). Overall, the results suggest the 
VCS could potentially be an alternative to the conventional 
TGMD-2 assessment approach for assessing children’s locomo-
tor skills without the necessity of the presence of an experienced 
rater for the administration. 
 
Key words: Children, Fundamental movement skills, Kinect v2 
sensor, Marker-less device, TGMD-2, Video-based system. 

 
 
Introduction 
 
Fundamental movement skills (FMS) comprise basic 
movement competencies for coordinating different body 
parts. FMS typically consist of three components, namely 
locomotor, object control and stability skills (Haywood 
and Getchell, 2008), which are considered the building 
blocks of more advanced movements required to engage in 
physical activities, such as those involved in sports and 
games (Clark and Metcalfe, 2002). Children aged three to 
eight years are at a crucial stage of the development of 
FMS (Gallahue et al., 2012; Loprinzi et al., 2015). For 
older children, well-developed gross movement skills are 
beneficial for effortless body movements, object manipu-
lation and balance (Cools et al., 2009). Delayed acquisition 
of FMS may discourage physical activity (Lubans et al., 
2010; Stodden et al., 2007) and cause performance defi-
ciencies (Lucas et al., 2016; Vameghi et al., 2013) as well 
as  various  social  problems  for children as they grow 
(Bailey,  2005;  Lucas et al.,  2016; Roberts  et  al., 2011).  

Therefore, children’s acquisition of gross movement skills 
– such as body movement, stabilisation, and control as well 
as object manipulation skills – at an early age is critical for 
them to explore their surroundings. 

The Test of Gross Motor Development 2 (TGMD-
2) is a standardised test that is widely used to screen for 
deficiencies in FMS and evaluate children’s development 
(Burton and Miller, 1998; Houwen et al., 2010; Parvinpour 
et al., 2019; Ulrich, 2000). Specifically, the test is em-
ployed to assess each child’s performance based on the 
presence or absence of 24 performance criteria for six lo-
comotor and six object control skills (Ulrich, 2000). The 
rating for each performance criterion is conducted in real-
time by an experienced and well-trained rater. Alterna-
tively, a video recording is used during children’s execu-
tion of the locomotor skills, after which a trained rater re-
views the captured video clips for assessment (Barnett et 
al., 2014). However, the TGMD-2 framework has two 
drawbacks. First, the raters must undergo systematic train-
ing processes before the delivery of accurate ratings 
(Zuvela et al., 2011). Second, video reviews constitute a 
time-consuming process because they involve repeatedly 
assessing slow-motion clips for detailed observations, in 
particular among inexperienced raters. These drawbacks 
prevent the test from being applied extensively and render 
it inefficient for screening large populations (Bisi et al., 
2017). 

Establishing a monitoring system to detect even mi-
nor delays in the development of FMS is a critical task. A 
human gait capture and analysis system that can be used to 
evaluate the motor development of children is necessary 
(Logan et al., 2017; Williams and Monsma, 2007). The use 
of inertial measurement units (IMUs) to assess the locomo-
tor subtest of TGMD-2 was demonstrated to constitute a 
valid approach with high usability, reliability, and objec-
tivity (Bisi et al., 2017). With the help of such IMUs, video 
recording, or well-trained and experienced raters, were not 
required throughout the assessment, thus simplifying the 
entire process. However, two limitations may hinder the 
applicability of this approach. First, five IMU sensors must 
be placed on particular positions on a participant’s body 
(Bisi et al., 2017), an approach that would be inefficient 
and time-consuming when administered to a large popula-
tion (Zuvela et al., 2011). Second, this approach could not 
provide a complete evaluation of running abilities due to 
the exclusion of performance criterion 3 of TGMD-2 (Bisi 
et al., 2017). Accordingly, a time-saving evaluation system 
for a complete real-time assessment process is crucial for 
the efficient application of TGMD-2. 

Microsoft Kinect v2 is a cost-effective and marker-
less alternative tool for movement analysis, which can be 
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used to overcome the aforementioned limitations of the 
IMU-based approach when used to assess the locomotor 
subtest of TGMD-2. In conjunction with Microsoft’s in-
house Kinect SDK software, a body tracking model with 
25 joints is established for capturing 3D joint trajectory 
data (Figure 1). Besides, studies have documented that the 
Kinect v2 sensor is a potentially effective clinical assess-
ment tool for collecting spatiotemporal gait data, such as 
body joint locations and displacement, as well as kinematic 
data, such as the sagittal plane kinematics of the knee and 
hip joint during a gait cycle (Eltoukhy et al., 2017; 
Mentiplay et al., 2015; Motiian et al., 2015; Springer and 
Seligmann, 2016). According to these studies, the Kinect 
v2 sensor can adequately identify a set of kinematic param-
eters in various activities. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. Twenty-five body parts or joints (illustrated by blue 
dots and connected by the black line) forming a skeleton, cap-
tured as series of body frames by the Kinect v2 sensor. 
 

The aim of the present study was to develop a video-
based classification system (VCS) and evaluate its accu-
racy in assessing schoolchildren’s locomotor skills under 
the TGMD-2 framework. The study tested the hypothesis 
that implementing a VCS incorporated with a marker-less 
Kinect v2 sensor was potentially an alternative for as-
sessing children’s locomotor skills instantly, without the 
presence of an experienced rater and yielding comparable 
agreement    with    the    conventional    TGMD-2    rating  

approach. 
 

Methods 
 
Participants 
Totally, 272 children from four schools were approached 
and 213 children consented, through their parents, to par-
ticipate in the study. Data from 10 children were excluded 
from the study due to data loss, resulting in a convenience 
sample of 203 children with typical development from 
Hong Kong, who were aged three to eight years (5.4 ± 1.6 
years). Of the participating children, 74 were from one pri-
mary school and 129 were from three kindergartens. Table 
1 presents the demographic characteristics of the sample. 
None of the children had any reported development delays 
according to their parents and teachers. Informed consent 
(approved by the Human Research Ethics Committee of the 
Education University of Hong Kong) was obtained from 
the participants’ parents prior to data collection. 
 
Experimental setup 
Microsoft Kinect v2 (Microsoft Corp., Redmond, WA) is a 
marker-less motion capture system with one single camera 
that has increasingly been employed in kinematic data 
analysis (Han et al., 2013). In this study, a 3.71m-long run-
way was set with pre-specified points at 1.85 m, 1.98 m 
and 3.19 m (Figure 2). A single Kinect v2 sensor was po-
sitioned to alternate between two predetermined points ex-
tending from 3.19 m and 3.71 m of the runway – one rep-
resenting setting 1 and the other representing setting 2. 
These were distanced 2.99 m and 3.50 m away from the 
two predetermined points, respectively. To record the exe-
cutions of all six locomotor activities, the Kinect v2 sensor 
was placed at either setting 1 or 2 pointing at 1.98 m or 1.85 
m of the runway by using a static tripod at a height of 0.75 
m, constituting an inclination angle. The inclination angle 
between the runway and setting 1 or 2 was adjusted 
slightly, depending on the activity being tested. Empiri-
cally, the capture of the six locomotor skills was found to 
be the most optimal when the inclination angle was set to 
60.0° for the assessment of run, gallop, and horizontal 
jump skills in setting 1 and to 69.0° for the assessment of 
leap, hop, and slide skills in setting 2 (Figure 2). 
 
Procedure and FMS assessment 
TGMD-2 assesses the gross motor development of children 
aged three to 10 years. For the locomotor subtest, it is used 
to evaluate the performance of a child’s locomotor skills 
based on the following six activities: run, gallop, hop, leap, 
horizontal jump, and slide (Ulrich, 2000). 

 
               Table 1. Demographic characteristics and age distribution of children participating in this study. 

 Age  Kindergarten Primary School Male Female No. of Children 
3 3.66 ± 0.2 27 0 16 11 27 
4 4.44 ± 0.33 43 0 19 24 43 
5 5.43 ± 0.28 49 0 29 20 49 
6 6.36 ± 0.29 10 23 19 14 33 
7 7.33 ± 0.28 0 21 10 11 21 
8 8.45± 0.31 0 30 20 10 30 

Total   129 74 113 90 203 
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Figure 2. Experimental set-up (Plane view) of the Kinect v2 sensor at setting 1 and 2; a 3.71m-long runway for children to 
perform activities, with inclination angles of 60° and 69°  in between the runway and setting 1 and setting 2, respectively. 
 

This study followed the standard administration 
procedures for the locomotor subtest of TGMD-2. Accord-
ing to the TGMD-2 guidelines (Ulrich, 2000), specific in-
structions for each activity were provided to each child, be-
fore the child was allowed to perform two warm-up trials 
to ensure that they fully understood the correct techniques 
to complete each move. The children began each activity 
in a standing position and subsequently performed each 
skill along the runway for two trials. The activities were 
also recorded from the side view using a 1080p digital cam-
era placed just behind setting 2. The corresponding video 
clips were used for post hoc analyses. 

Based on the TGMD-2 guidelines (Ulrich, 2000), 
24 criteria were used for the locomotor subtest, including 
four performance criteria for each skill of run, gallop, hor-
izontal jump, and slide, as well as five performance criteria 
for hop and three performance criteria for leap. Each crite-
rion was given a score of 1 or 0 denoting “pass” or “fail,” 
respectively. Scores for a particular activity (two trials) 
were summed up as a skill score for this activity. Subse-
quently, all six skill scores were summed up to acquire sub-
test raw scores (0 – 48 points). Moreover, the subtest raw 
scores were converted into standard scores (1 – 20 points) 
by considering the child’s age. Each child was subse-
quently assigned a descriptive rating (i.e. “very poor”, 
“poor”, “below average”, “average”, “above average”, “su-
perior” and “very superior”) corresponding to their stand-
ard scores and age according to the TGMD-2 guidelines.  
 

Development of VCS 

To score each performance criterion, 24 algorithms (each 
with its own initial threshold) were developed in Microsoft 
Visual C++ (Microsoft Corp., USA) on the basis of a series 
of body frames captured using the Kinect v2 system. Table 
2 and 3 show the 24 algorithms along with their respective 
brief descriptions and terminologies with illustrations. 
Each body frame denoted the positions of a set of joints 
(Figure 1) relative to the Kinect v2 camera position; i.e. the 
sensor position was the origin (0, 0, 0) of the world coordi-
nate system. All calculations regarding any specific perfor-
mance criterion were based on the joint locations of one or 
more body frames. 

To optimise the system for new data obtained from 
non-assessed children, the optimal threshold for each per-
formance criterion must be determined. In this study, algo-
rithms in Python 3.5 software were developed for threshold 
tuning. Accordingly, 42 children (20% of the sample) were 
randomly selected according to the age distribution. For 
each performance criterion, the scores of these 20% of chil-
dren rated by the VCS and a trained rater were compared 
individually, with the highest agreement set as the thresh-
old for that particular performance criterion in the cohort. 
By repeating the above threshold tuning procedures 1000 
times (Parks et al., 2016), the mean, mode and median of 
the threshold for each performance criterion that achieved 
the highest agreement of the scores between the VCS and 
the rater were then calculated respectively. The mean 
thresholds were assigned as the optimal thresholds for all 
24-performance criteria.  
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Table 2. Brief descriptions of algorithms for scoring each performance criterion. 
1. Run 
Criterion 1 Arms move in opposition to legs, 

elbows bent 
Arm-rotation direction is defined as the cross product of left/right upper-arm 
vectors (shoulder to elbow joint) in two consecutive frames 
Leg-rotation direction is defined as the cross product of left/right upper-leg 
vectors (hip to knee joint) in two consecutive frames 
Proportion of frames in which the dot product of the arm-rotation vector and 
leg-rotation vector is smaller than zero, with bending elbow at the same time, is 
above a threshold (48.6%) 

Criterion 2 Brief period where both feet are 
off the ground 

Ground level is estimated on the basis of the subject’s standing position 
Duration of both feet being off the ground is above a threshold (0.03s) 

Criterion 3 Narrow foot placement with 
landing on heel or toe (i.e., not 
flat footed) 

Proportion of frames with foot angle is above a threshold (57.6%) 

Criterion 4 Non-supporting leg bent to ap-
proximately 90° (i.e. heel close 
to buttocks) 

Mean average of the maximum left and right non-support leg bend angle is 
above a threshold (131.0°) 

2. Gallop 
Criterion 1 Arms bent and lifted to waist 

level at takeoff 
Proportion of frames in which arms are above the waist level and elbows bend 
is above a threshold (78.8%) 

Criterion 2 A step forward with the leading 
foot followed by a step with the 
trailing foot to a position adja-
cent to or behind the leading 
foot 

 

Motion direction vector is constructed by the mean hip positions (midpoint of 
left and right hip) of the current and previous frame. If foot direction vector 
(right to left foot) has the same direction as the motion direction vector, the left 
foot is the leading foot, and vice versa for different direction 
Proportion of frames in which one foot is the leading foot is above a threshold 
(83.7%) 

Criterion 3 Brief period where both feet are 
off the floor 

Ground level is estimated according to the subject’s standing position 
Duration of both feet above ground is above a threshold (0.03s)  

Criterion 4* Maintains a rhythmic pattern for 
a minimum of four consecutive 
gallops 

In a gallop, one leg is always the leading foot; that is, the legs are not crossing. 
One cycle of gallop is detected when distance between two feet increases and 
then decreases 
Number of right-to-left or left-to-right gallop is 4 or above 

3. Hop 
Criterion 1 Non-supporting leg swings for-

ward in a pendular fashion to 
produce force 

Difference of the maximum and minimum value of leg swing angle is above a 
threshold (88.2°) 

Criterion 2 Foot of non-supporting leg re-
mains behind body 

Proportion of frames wherein the non-supporting leg is behind the hip is above 
a threshold (66.3%) 

Criterion 3 Arms flexed and swing forward 
to produce force 

Proportion of frames wherein arm swings forward during takeoff is above a 
threshold (98.2%) 

Criterion 4* Takes off and lands a minimum 
of three consecutive times on 
preferred foot 

A hop is counted during a single foot landing while the other foot is behind the 
hip 
For criterion 4, number of hops with preferred foot is 3 or above 
For criterion 5, number of hops with non-preferred foot is 3 or above Criterion 5* Takes off and lands a minimum 

of three consecutive times on 
the other foot 

4. Leap 
Criterion 1 Take off on one foot and land 

on the other foot 
Number of leaps with left or right leg take-off is 1 only 

Criterion 2 A period where both feet are off 
the ground longer than running 

Duration of both feet above ground for a single leap is above a threshold 
(0.03s) 

Criterion 3 Forward reach with the arm op-
posite the lead foot 

Right/left arm forward reach angle is above a threshold (40.9°) with left/right 
foot takeoff 

5. Horizontal Jump 
Criterion 1 Preparatory movement includes 

flexion of both knees with arms 
extended behind body 

Maximum arm backward swing angle with bending leg is above a threshold 
(41.3°) 

Criterion 2 Arms extended forcefully for-
ward and upward, reaching full 
extension above the head 

Mean average of left and right arm forward swing angles is above a threshold 
(91.6°) 

Criterion 3 Take off and land on both feet 
simultaneously 

Proportion of frames with time difference between the two legs in a take-
off/landing motion is less than 600ms is above a threshold (60.2%) 

Criterion 4 Arms are thrust downward dur-
ing landing 

Angle of both arms relative to the horizontal plane during landing (90⁰ – Aver-
age angle between the upper arms and the negative Y axis) is above a threshold 
(10.74°) 

* represents modifications of performance criteria from the original TGMD-2 assessment. 
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Table 2. Continuee..  
6. Slide 
Criterion 1 Body turned sideways so shoul-

ders are aligned with the line on 
the floor 

For a shoulder-direction vector (left to right shoulder joint) has the same direc-
tion as a motion vector (subtraction of the mean hip position of the previous 
frame and current frame), i.e., their dot product > 0, the motion is classified as 
being parallel to the shoulders 
Proportion of frames motion with parallel shoulder is above a threshold 
(82.1%) 

Criterion 2 A step sideways with the lead-
ing foot followed by a slide of 
the trailing foot 

In a slide, one leg is always in front of the other; that is, the legs are not cross-
ing. One cycle of slide is detected when the distance between the two legs in-
creases and then decreases. 
Mean average number of left-to-right and right-to-left slides is 4 or above 

Criterion 3 A minimum of four continuous 
step–slide cycles to the right 

Number of left-to-right slides is 4 or above 
 

Criterion 4 A minimum of four continuous 
step–slide cycles to the left 

Number of right-to-left slides is 4 or above 
 

 
Table 3. Definitions of terminologies used in Table 2 with illustrations. 

Terminology Definition Illustrations 

Elbow bend angle 

Elbow bend angle is an exterior angle between the up-
per arm vector (shoulder to elbow joint) and lower arm 
vector (elbow joint to wrist) 
 
In a standing position, the elbow bend angle is zero with 
straight arms. When the elbow bend angle is above the 
threshold (22.5°), the elbow is regarded as bending  

Non-flat foot landing 

Foot angle is an angle between the foot vector (ankle 
joint to foot) and horizontal plane (ground) 
 
In a standing position, the foot angle is zero with flat 
foot. When the foot angle is below the threshold (15°), 
the foot is regarded as flat landing 

Leg bend angle 

Similar to elbow bend angle, leg bend angle is an exte-
rior angle between the upper leg vector (hip to knee 
joint) and lower leg vector (knee joint to ankle) 
 
In a standing position, the leg bend angle is zero with 
straight legs. When the leg bend angle is above the 
threshold (72°), the leg is regarded as bending  

Arm forward reach 
angle 

Forward facing vector is defined by the cross product 
of hip vector (left hip to right hip) and upward spine 
vector 
 
Arm forward reach angle is defined as the angle of the 
upper arm relative to the forward facing vector 
 
The forward reach angle is positive when the upper 
arm vector is above the shoulder, negative when the 
upper arm vector is below the shoulder  

Leg swing angle 
Leg swing angle is the difference between the mini-
mum and maximum value of the exterior angle be-
tween the upper leg vector and forward facing vector 

 

Arm forward/back-
ward swing angle 

Arm forward/backward swing is defined as the angle 
between the upper arm vector and vertical y-axis with 
reference to the forward direction 
 
When the upper arm vector is behind the vertical axis, 
it is an arm backward swing angle (negative), or vice 
versa 
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Data analysis 
Prior to the administration of the study, inter-rater reliabil-
ity between a trained rater and an experienced physical ed-
ucation teacher was conducted. Moreover, intra-rater reli-
ability of the trained rater was also evaluated in a pilot 
study with 101 elementary school students aged six to nine 
years old (7.62 ± 0.93 years). The inter- and intra-rater re-
liability were found to be good with intra-class correlation 
coefficients ranging from 0.82 to 0.91. To evaluate the sys-
tem’s predictability, this study calculated the percentage 
agreement between the VCS and the rater’s scores in terms 
of the performance criterion for each skill component, and 
the standard scores. 

1. A series of optimal thresholds of the performance 
criterion for each skill component was applied to the sys-
tem; subsequently, raw scores assigned to each perfor-
mance criterion of each skill for all 203 children were 
compared. 

2. After the conversion of the raw scores to the stand-
ard scores, the corresponding descriptive ratings for all 
203 children were compared. 

Statistical analysis 
Paired t-test was used to compare the standard scores ob-
tained by the VCS and the trained rater. In addition, Tukey 
mean difference plot was used to evaluate differences in 
the standard scores between the VCS and the rater. Percent-
age agreement and kappa agreement were calculated to as-
sess agreement of standard scores between the VCS and the 
rater for validation. The associated interpretive scales for 
percentage agreement and Kappa agreement were used in 
accordance with Sasyniuk et al. (2007) and Cohen (1960), 
respectively, as shown in Table 4a and 4b. Statistical sig-
nificance was set at p < 0.05.  
 
Results 
 
Considering the time spent on downloading clips from the 
camera and organising a collection of video clips, the mean 
time required for the study rater to evaluate all 24 perfor-
mance criteria for each participant and to offer a descrip-
tive rating was about 20 minutes. By contrast, an experi-
enced and trained rater would be able to assess each skill 
performance in real time without any recording and slow 
motion reviewing of videos. Similarly, the VCS also ana-
lysed the data captured by the Kinect v2 sensor in real time  

while each child executed a specified move. It then directly 
generated an overall performance criterion score immedi-
ately after the child completed the move. 
 
Table 4a. Interpretive scale for percentage agreement values 
(Sasyniuk et al., 2007). 

Value of Agreement Strength of Agreement 
0% None 

1% - 20% Very Poor 
21% - 40% Poor 
41% - 60% Moderate 
61% - 80% Good 
81% - 99% Very Good 

100% Perfect 
          

Table 4b. Interpretive scale for Cohen’s kappa coefficient 
agreements (Cohen, 1960). 

Cohen’s Kappa Strength of Agreement 
< 0.00 Poor 

0.00 - 0.20 Slight 
0.21 - 0.40 Fair 
0.41 - 0.60 Moderate 
0.61 - 0.80 Substantial 
0.81 – 1.00 Almost Perfect 

 
In terms of threshold tuning, the mean, mode and 

median values of the thresholds for each performance cri-
terion obtained were found to be identical (Table 5). Over-
all for every skill, a comparable agreement was achieved 
between the VCS’ scores and the rater’s scores. Based on 
data obtained from children aged three to eight years (203 
children in total), the mean percentage agreement between 
the VCS and the rater for each skill ranged from 66.1% to 
87.5%. Notably, only the mean average accuracy rates for 
hop did not exceed 75%, while those for run, gallop and 
leap were higher than 80%. 

For the percentage agreement between the VCS and 
the rater for each performance criterion, the percentage 
agreement levels for all performance criteria ranged from 
43.6% to 92.9% (Table 6). The percentage agreement val-
ues for criterion 2 (43.6%) and criterion 5 (55.7%) under 
hop were moderate in agreement (Sasyniuk et al., 2007). A 
paired t-test showed that the ratings of the VCS and the 
rater were not significantly different, with p=0.20, while 
the correlation between the two approaches was 0.762 (p < 
0.01). A Tukey mean difference plot for all standard scores 
indicated a mean difference (standard deviation) of -0.16 
(1.8) and the corresponding 95% confidence interval was

 
Table 5. Mean, mode and median values of threshold for each performance criterion (n representing number of repeats and s 
for seconds). 

Run CR 1 (%) CR 2 (s) CR 3 (%) CR 4 (°) CR 5 Leap CR 1 (n) CR 2 (s) CR 3  (°) CR 4 CR 5 
Mean 48.6 0.03 57.8 128.8 - Mean 1 0.03 40.8 - - 
Mode 48.6 0.03 57.8 128.8 - Mode 1 0.03 40.8 - - 

Median 48.6 0.03 57.8 128.8 - Median 1 0.03 40.8 - - 

Gallop CR 1 (%) CR 2 (%) CR 3 (s) CR 4 (n) CR 5 
Horizontal 

Jump 
CR 1 (°) CR 2 (°) CR 3(%) CR 4 (°) CR 5 

Mean 79.8 84.1 0.03 3 - Mean 44.8 89.2 60 10.8 - 
Mode 79.8 84.1 0.03 3 - Mode 44.8 89.2 60 10.8 - 

Median 79.8 84.1 0.03 3 - Median 44.8 89.2 60 10.8 - 
Hop CR 1 (°) CR 2 (%) CR 3 (%) CR 4 (n) CR 5 (n) Slide CR (%) CR 2 (n) CR 3 (n) CR 4 (n) CR 5 
Mean 88.2 66.4 98.2 3 3 Mean 82.4 1 4 4 - 
Mode 88.2 66.4 98.2 3 3 Mode 82.4 1 4 4 - 

Median 88.2 66.4 98.2 3 3 Median 82.4 1 4 4 - 
   CR:  Criterion 
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Table 6. Percentage agreement between the Video-based Classification System (VCS) and the rater for each 
performance criterion for each skill task (for the age groups of 3 – 8 years). 

 Criterion1 Criterion2 Criterion3 Criterion4 Criterion5 Mean 
Run 86.7% 91.1% 92.9% 79.3% - 87.5% 

Gallop 81.8% 70.7% 84.0% 86.0% - 80.6% 
Hop 80.8% 43.6% 80.8% 69.7% 55.7% 66.1% 
Leap 87.0% 85.7% 79.6% - - 84.1% 

Horizontal Jump 76.4% 80.1% 84.5% 69.0% - 76.6% 
Slide 65.7% 91.9% 83.0% 76.9% - 79.4% 

 
 

 
 

 
 

Figure 3. Tukey mean difference plot for standard scores between the Video-based Classification System (VCS) and the 
rater, with mean difference of -0.16 along with the 95% confidence interval 3.5. 

 
3.5 (Figure 3). The mean (standard deviation) standard 
scores for the VCS and the rater were 8.4 (2.8) and 8.2 
(2.4), respectively (Table 7). 
 
Table 7. Statistical parameters (count, mean, SD, min, first 
quartiles, second quartiles, third quartiles and max) of the 
Video-based Classification System (VCS) and the rater. 

 VCS Rater 
Count 203 203 
Mean 8.4 8.2 

SD 2.8 2.4 
Min 1 2 

Q1 (25%) 6 7 
Q2 (50%) 9 8 
Q3 (75%) 10 10 

Max 14 15 
 

As for descriptive ratings, assessment of the data 
obtained from children aged three to eight revealed the ac-
curacy to be good (Sasyniuk et al., 2007). The percentage 
agreement between the VCS and the rater in terms of de-
scriptive ratings was 72.4%. Taking into account the pos-
sibilities of chance agreement, the kappa agreement for the 
descriptive ratings between the two approaches was 0.54 
with p < 0.01.  

Comparison of the two rating approaches showed 
that they differed in their descriptive ratings for 56            

children: the VCS underestimated the ratings for 30 chil-
dren and overestimated those for 26 children when com-
pared with the trained rater. Ratings provided by the VCS 
and the trained rater both ranged from “very poor” to 
“above average”. On the other hand, there were no ratings 
from the two approaches falling into the descriptive cate-
gories of “very superior” and “superior”. Furthermore, 
most of the children were rated “average” by both the VCS 
and the trained rater, with the corresponding figures being 
57.2% and 58.6%, respectively. The rater considered 
25.1% of the children to be “below average”, whereas the 
VCS considered 17.7% of them to be “below average”. The 
VCS rated a higher percentage of children as “poor” and 
“very poor” compared with the trained rater (Table 8). 

 
Table 8. Number and percentage of ratings in five degrees of 
descriptive ratings between the Video-based    Classification 
System (VCS) and the rater. 

VCS Rater 
Very Superior 0 (0.0%) 0 (0.0%) 

Superior 0 (0.0%) 0 (0.0%) 
Above Average 11 (5.4%) 5 (2.5%) 

Average 116 (57.2%) 119 (58.6%) 
Below Average 36 (17.7%) 51 (25.1%) 

Poor 31 (15.3%) 23 (11.3%) 
Very Poor 9 (4.4%) 5 (2.5%) 
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Discussion 
 
This study examined the accuracy of a newly developed 
video-based kinematics computation system, namely VCS, 
in instantly providing objective and comprehensive assess-
ments of young children’s FMS under the TGMD-2 frame-
work. Unlike the conventional TGMD-2 rating approach, 
which depends solely on humans’ visual analysis, the key 
parameters for determining assessment scores in the pro-
posed VCS are based on data captured by the Kinect v2 
sensor and the VCS. Through computing a series of spe-
cific parameters, such as joint angles and duration off the 
ground, the system can quantify the score for each perfor-
mance criterion according to the TGMD-2 locomotor sub-
test guidelines. By incorporating the marker-less Kinect v2 
sensor, the VCS can be an assistive tool for an inexperi-
enced rater to evaluate children’s locomotor skills in an in-
stant, without the necessity for the presence of an experi-
enced rater. At the same time, it yielded comparable accu-
racy with the conventional TGMD-2 assessment approach. 

In terms of efficiency, the VCS can provide accu-
rate and objective assessments in a short time. According 
to the TGMD-2 guidelines, an experienced and well-
trained rater is required to assess each locomotor skill in 
real-time. However, it is formidable for a rater with less 
experience to evaluate each skill simultaneously as they are 
required to observe and identify whether the child has 
achieved the performance criteria for that skill or not. Al-
ternatively, videos can be recorded for the inexperienced 
rater to confirm the ratings, which can be particularly use-
ful for ambiguous cases when skill performance can be re-
viewed repeatedly, in slow motion. However, this is a pro-
cess that involves substantial time and human intervention. 
A study also concluded that even though the raters may be 
well-trained and experienced, the approach is confined in 
terms of the ability to identify all performance criteria dur-
ing real-time assessment (Ward, 2019). The results of this 
study showed that the VCS was a potential alternative to 
rating children’s FMS performance, particularly in con-
texts where there are no experienced raters available, for 
example in kindergarten settings. This system can thus 
serve as an alternative to the conventional approach, espe-
cially for inexperienced raters, since it facilitates kinematic 
data processing and sufficiently reduces the necessity of 
human intervention in larger-scale assessments of FMS. 

In general, the research yielded identical results for 
the mean, mode and median of the threshold of each per-
formance criterion (Table 5) after 1000 times’ random 
sampling and comparison, suggesting uniform distribu-
tions of the thresholds. This evidences that the thresholds 
for each performance criterion obtained would be the opti-
mal results. 

Favourable agreement levels were discovered be-
tween the VCS and the rater who conducted visual analy-
sis, thus revealing that the VCS can achieve accurate and 
comprehensive assessments with low latency. The mean 
percentage agreements between the VCS and the rater in 
terms of the scores for each skill ranged from 66.1% to 
87.5%. This finding suggests that the VCS can be used to 
identify most distinctive features and even minor details 
associated with all six skill motions, similar to the human 

rater’s performance. However, some performance criteria 
were associated with percentage agreement values of less 
than 60%; for example, performance criterion 2 and 5 un-
der hop were associated with percentage agreement values 
of 43.6% and 55.7%, respectively. The decrease in agree-
ment may be ascribed to the field of view of the Kinect v2 
sensor in a single side of the runway (Webster and Celik, 
2014). Consequently, the view of children’s execution of 
the skills was restricted to the limited capture range of the 
sensor and the joint movements on the other side were oc-
casionally blocked from occlusion and unable to be cap-
tured. Besides, the use of a non-preferred leg would hinder 
children from successfully hopping. Since hopping re-
quires tremendous muscular strengths and balancing skills 
(Krasnow and Wilmerding-Pett, 2015), the hopping tech-
niques were still improving for children aged above five 
(Krasnow and Wilmerding-Pett, 2015). Hence, hopping 
with non-dominant leg would be difficult for early aged 
children. 

The paired t-test showed that there was no signifi-
cant difference but a significant correlation between the 
standard scores rated by the VCS and the trained rater. 
From Tukey mean difference plot analysis, the two rating 
approaches did not differ significantly in terms of the 
standard score at the group level. The mean difference of 
the two approaches was close to zero difference, suggest-
ing there was no bias. However, the 95% confidence inter-
val limit of agreement indicated considerable variations at 
the individual level that the VCS approach may be 3.71 
scores inferior or 3.38 superior to the rater approach. These 
results reveal that the VCS had certain levels of agreement 
with the traditional rating approach at the group level, 
whereas the agreement between two approaches at the in-
dividual level would require further improvement. 

Regarding descriptive ratings, the difference be-
tween the VCS and the rater’s mean scores was not signif-
icant, demonstrating that the VCS could be used for objec-
tively and comprehensively assessing children’s FMS. The 
percentage agreement and kappa agreement between the 
VCS and the rater in terms of their descriptive ratings were 
found to be good and moderate, respectively (Sasyniuk et 
al., 2007; Cohen, 1960). However, the VCS was more 
likely to assign lower standard scores than the human rater, 
thus explaining the observation that the VCS rated a higher 
percentage of children as “poor” and “very poor” compared 
with the human rater. In addition, it was noted that there 
were no participants rated “very superior” or “superior” by 
either the rater or the VCS, which was possibly an indica-
tion of general inferiority of locomotor skills in the sam-
ples. This was one of the limitations pertained to the insuf-
ficient sample age range on account of convenience sam-
pling. In this study, children aged nine and 10 years were 
not included, despite them being within the proper age 
range based on the TGMD-2 guidelines. Therefore, future 
evidence is necessary to ascertain whether the VCS can 
classify children with good FMS ability within the catego-
ries of “superior” or “very superior”. 

By developing the VCS, this study contributes to 
the current understanding of approaches for designing al-
gorithms to instantly assess children’s FMS without the 
presence of an experienced rater. Similarly, a previous 



Chow et al. 

 
 

 
 
 

593

study presented an approach that involved the use of wear-
able sensors to assess 23 of the 24 criteria under the 
TGMD-2 locomotor subtest (Bisi et al., 2017). This ap-
proach was validated as having reliably and objectively 
evaluated FMS (Bisi et al., 2017). However, the approach 
could not provide a rapid or reliable assessment of the per-
formance criterion 3 pertaining to running. The approach 
not only involved a time-consuming process of placing 
several sensors on each participant’s body but also required 
two minutes to compute the results for each participant. 
Accordingly, this approach does not constitute a fully au-
tomated system in that it lacks time efficiency because of 
its relatively long running time and its requirement of man-
ually evaluating performance criterion 3. In contrast, for 
performance criteria and descriptive ratings, the VCS 
proved to be objective, accurate, and easy to use due to the 
incorporation of marker-less devices. Furthermore, the ac-
curacy of the VCS achieved in the current study (72.4%) 
was comparable to that obtained by using wearable sensors 
(73%) (Bisi et al., 2017). Therefore, moving to a marker-
less system is warranted in that the VCS obviates the re-
cording of video clips, extensive rater training, and addi-
tional system running time. It substantially simplifies the 
assessment procedure and saves considerable time. 

Apart from the insufficient sample range, another 
limitation that might arise was evident when the Kinect v2 
sensor was used in the VCS. Considering the study find-
ings, the accuracy between the VCS and the rater would be 
adversely affected by the sophisticated threshold determi-
nation processes and limited field of view of the Kinect v2 
sensor. The Kinect v2 sensor was unable to track and dis-
tinguish different body joints when overlapping of joints 
occurred, thereby leading to a decrease in accuracy. A 
study has documented the possibility of the use of two Ki-
nect sensors on either side to collect FMS data by convert-
ing the joint positions of one sensor into the world coordi-
nate system of another (Rosenberg et al., 2016). To address 
the limitation of the Kinect v2 sensor, future studies should 
consider using more than one sensor to capture movements 
in order to collect kinematic data from both sides of the 
runway. 

This has been a preliminary study developing and 
evaluating the accuracy of the VCS in assessing young 
children without disability or other health issues. However, 
existing empirical studies have validated TGMD-2 for chil-
dren with health problems (Houwen et al., 2010; MacDon-
ald et al., 2013; Pan et al., 2009). Hence, children with 
wider range of ability, for example, diagnosed with devel-
opmental delays, could be included in experimental assess-
ments in future clinical research in order to improve and 
validate the general applicability of the VCS. A further val-
idation study should be conducted to see whether the sys-
tem is sensitive to differentiate children with developmen-
tal delay from typically developed children. For the sake of 
early screening for developmental delay, more subject re-
cruitment in different ages would be required to establish a 
local reference norm. Moreover, the proposed system was 
verified to be feasible for performing video-based skill as-
sessments by using the object control subtest of TGMD-2 
as well as of the new version, TGMD-3 (Allen et al., 2017). 

Details of the spatiotemporal and kinematic parameters 
used in this study can be accessed for further analysis of 
the FMS of the participants in this study. The present re-
sults may serve as a valuable resource for intervention and 
rehabilitation studies. Future studies on the automation of 
VCS under the TGMD-2 standard should also investigate 
the possibility of using portable devices (e.g., smartphones 
or tablets) other than Kinect v2 sensors to further enhance 
the applicability and convenience of systems for motor 
control monitoring. Direct and more informative feedback 
could be provided with the help of a user-friendly app. 

For achieving accurate and time-efficient predic-
tions based on kinematic computations, the VCS could be 
improved to identify key parameters related to additional 
activities under other physical evaluation frameworks, 
such as the Movement Assessment Battery for Children, 
Second Edition (Henderson et al., 2007), and the Bru-
ininks–Oseretsky Test of Motor Proficiency, Second Edi-
tion (Bruininks and Bruininks, 2005). Doing so can enable 
comprehensive, efficient, and objective evaluation of the 
full scope of children’s development (Logan et al., 2017). 
 
Conclusion 
 
A video-based kinematic computation system, namely 
VCS, combined with a kinematic-data-capturing sensor, 
was developed. Its accuracy was evaluated and found to be 
good with the conventional TGMD-2 assessment approach 
in terms of percentage agreement. The VCS was found to 
be a potential alternative to assessing children’s locomotor 
skills instantly without the necessity of the presence of an 
experienced rater, thereby minimising human intervention. 
The study revealed the feasibility of the system in assessing 
other movement capabilities, such as object control, fine 
motor skills, stability, and even balance. These assess-
ments can serve as a reference for monitoring children’s 
growth and screening for developmental delays, thereby 
facilitating early clinical interventions. 
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Key points 
 
 Criterion-specific thresholds were identified for 

children aged from 3 – 8 years which can serve as a 
basis for the establishment of referencing norm in 
local region. 

 The percentage agreement (72.4%) and kappa 
agreement (54.0%) between the VCS and the rater 
in terms of descriptive ratings were found to be good 
and moderate, respectively 

 With the use of VCS, objective, comprehensive and 
instant assessment of FMS locomotor skills for a 
large population without the necessity of the pres-
ence of an experienced rater, thereby substantially 
reducing human intervention during administration 
compared with the conventional TGMD-2 assess-
ment approach. 

 New and validated marker-less, kinematic-computa-
tional-based approach in assessing children’s loco-
motor skills is proved to be feasible.  
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