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Highlights

e Reciprocal arm swinging is systematically present at three years of age
e Remnants of guard position can be noticed in young children
e Arm movement in children shows positional changes and increased variation

e Age-related changes but especially increased consistency can be seen until adolescence

Abstract

Background

When toddlers learn to walk, they do so with a typical high guard position of the arms. As gait matures,
children develop a reciprocal arm swing. So far, there have been no attempts to describe age-related

changes of arm movements during walking after this first rapid development.
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Research question
The purpose of this study was to investigate age-related changes in arm movement during typical gait.
Methods

All participants (n=102) received gait analysis using a full-body marker set (Plug-in Gait). Participants
were divided into five age-groups: young children (G1: n=20; 3.0-5.9y), children (G2: n=24; 6.0-9.9y),
pubertal children (G3: n=26; 10.0-13.9y), adolescents (G4: n=16; 14.0-18.9y) and adults (G5: n=16;
19.0-35.2y). Age-related changes in arm movements were investigated by comparing continuous joint
angular waveforms (spmld) between all groups, as well as by comparing the mean joint angle and

range of motion of the different joints between age-groups.
Results

The overall shape of movement patterns was comparable across all age groups. Nevertheless, with
advancing age, consistency increased. At the shoulder, G1&2 showed a larger mean extension angle
compared to older children and adults. The range of shoulder axial rotation was significantly larger in
adults compared to all other age groups. In the youngest groups (G1-G2), an increased mean elbow

flexion and mean wrist extension angle was found.
Significance

Determining an exact age of maturation of arm swing remains difficult as parameter specific adult-like
values were not reached at the same age but should not be set before the age of ten to fourteen years

for any parameter.
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Manuscript
1. Introduction

Typically developing infants acquire the ability of independent walking around the age of 12-18

months 1. At the beginning, toddlers walk with the arms in a fixed posture of shoulder abduction and
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elbow flexion, a position known as ‘high guard’, only present during the first months of walking (rapid
development phase) and soon developing into a reciprocal arm swing 3. To the best of our knowledge,
there have been no attempts to describe age-related changes in arm movements during the following,
slower development. In most studies investigating characteristics of a mature adult-like typical arm
swing during walking, healthy participants served as a control group studying pathological arm
movements during gait *7. However, some authors did focus on the fundamentals of how and why
people swing their arms. Specifically, arm swing should be seen as an integral part of gait, most likely
with the goal of minimizing energy expenditure and optimizing stability . Although there is some
laterality (i.e. the left arm swings on average more than the right °), typical arm swing is characterized
by largely symmetrical movements, as other studies indicated that this laterality is not significant and
arm movements in patients are more asymmetrical #>1°, that are coordinated diagonally with the leg
movements 1. Furthermore, arm swing arises mostly from passive dynamics, but active muscle control
is required to obtain an out-of-phase coordination with the legs °1?. To date, literature describing joint
angles of shoulder, elbow and wrist in adults and children is scarce. At the shoulder, range of motion
(ROM) is largest for flexion-extension (20°-25°) 7 1315, followed by axial rotation (12°-14°) > and
shoulder ab-adduction (5°-15°) 3%°, At the elbow, a flexion-extension motion (15-30°) occurs in flexion
71314 At the wrist smaller motions of about 10° palmar and dorsiflexion and ulnar and radial deviation

take place %4, Furthermore, the range of arm motion will increase when walking faster 6,

Regarding maturation, the changes in arm movements within the first weeks of independent walking
are well described 3. At the end of this short period children lower their arms from the high guard
position 13, The first swinging attempts can be observed at the shoulder with the elbows in a flexed
posture 23, According to Sutherland et al. reciprocal arm swinging first appears at the age of 1.5 years
and is systematically present by the age of 3.5 years . Until now, observations on the following slower
development of arm swing patterns are mainly derived from control groups in studies regarding
pathological gait 1*1° . Hence, investigating age-related changes in arm movements during walking
has not yet been primary focus of research. Therefore, it remains unclear at which age different
descriptors of arm movements reach mature values. It can be expected that arm swing shows a further
maturation (changes in shape, ROM and mean position) and fine-tuning (decrease in variability
indicating consistent use of adult-like movements) after this first phase of rapid development.
Furthermore, establishing an age-related framework is important for clinical practice, in which total
body kinematic measurements, including trunk and arm movements, are being increasingly promoted.
As arm movements seem to have an important function in minimizing energy expenditure and
optimizing stability, these functions are likely to be affected by deviations in arm swing, either as a

direct result of pathology or as compensatory strategy 7. Age-related reference data of arm



movements during walking will allow clinicians to assess whether deviations are related to a lack of

maturity or whether they are caused by an underlying pathology or need for compensation.

In the current study, arm movements during walking of typically developing children, adolescents and
adults (3-35 years) have been investigated to determine age-related changes. We thereby aimed at
gaining insights into maturation and fine-tuning towards an adult-like arm swing pattern and to
determine the age at which arm movements during typical gait could be considered mature. This study

thereby provides an age-related reference framework for clinical use and future research.
2. Materials and Methods
2.1 Participants

Participants were selected from a database of subjects with typical development created from
reference groups recruited for different projects from the Laboratory of Clinical Motion Analysis
(University Hospital Leuven) and approved by the appropriate ethical committee 29, For the current
study, 118 children and adults with total body three-dimensional gait analysis (3DGA) were eligible.
After visibility checks of total body markers sixteen participants were excluded for insufficient visibility.
The remaining 102 participants were divided into five age groups: young children (G1; 3.0-5.9 years,
n=20); children (G2; 6.0-9.9 years, n=24); pubertal children (G3; 10.0-13.9 years, n=26); adolescents
(G4; 14.0-18.9 years, n=16) and adults (G5; 19.0-35.2 years, n=16). Group mean and standard deviation

(SD) of anthropometrics are presented in Table 1.
[Table 1 near here]
2.2 Data analysis

During 3DGA, total body kinematics were collected while barefoot walking on a 10-m walkway at
comfortable walking speed using an eight to fifteen-camera VICON System (Mx camera-workstation,
100-120 Hz, Plug-In Gait model (YXZ cardan angles comparing relative orientation of two segments),
VICON, Oxford Metrics, Oxford, UK) 2. One gait cycle (left + right step) of three successful walking trials
per subject were used for further analysis. Trials were excluded when excessive arm or head
movements unrelated to walking, were made. Next to joint angular waveforms (angles versus
percentage of the gait cycle) of shoulder (flexion-extension, ab-adduction and internal/external
rotation), elbow (flexion-extension) and wrist (palmar-/dorsiflexion and ulnar/radial deviation),
following kinematic parameters were analyzed: angle at initial contact (A-IC) and toe off (A-TO),
maximal joint angle (peak value), mean joint angle (indicating mean position) and ROM over the gait

cycle. The ‘time to peak’ parameters represent the percentage from the total gait cycle where the peak



value occurs and are an indication of coordination. Walking speed and Froude number (non-

dimensional walking speed) were calculated 2.

walking speed
(Froude number = TEEoees

- ngleglength) (1)

2.3 Statistical analysis

Regression analysis for age and walking speed was carried out across the entire gait cycle by means of
spm1D. Changes to adult-like values (maturation) of the joint angular time profiles and changes in fine
tuning (SD of the joint angular time profile over the six steps per subject) were assessed across the
entire gait cycle between groups by means of spm1D, one way ANOVA. Post hoc analysis consisted of
two-sample t tests conducted on all group pairs by means of spm1D with Bonferroni correction for

multiple analysis per joint 2224

Kinematic parameters were analyzed with IBM® SPSS® Statistics (version 22). Data were normally
distributed (Kolmogorov-Smirnov). For comparison of mean values the mean of 3 left and 3 right steps
per subject was used as left and right side were not found to be different. To investigate maturation a
General Linear Model with group as fixed factor and Froude number as a covariate was defined. Both
main and possible interaction effects were investigated. Differences between age groups were
investigated by pairwise post hoc comparisons (Tukey HSD) with significance level set at p<0.05. To
investigate fine tuning, SD was calculated over the six steps per subject * and compared between age

groups.
3. Results

Walking speed and Froude number showed significant (p<0.001) differences between age groups,
gradually increasing with age (Table 1). Normalized to Froude number, G4 showed the lowest values.
Significant main effects of Froude number were found for shoulder ROM in sagittal and transverse
plane, elbow ROM, wrist ROM in sagittal and transverse plane and for peak value and A-TO of wrist
palmar/dorsiflexion. A significant interaction effect between Froude number and age group was only

found for shoulder rotation ROM and wrist dorsi-/palmar flexion.

Kinematic parameters describing arm swing per age group for mean values and consistency are

presented in table 2, joint angular waveforms over the gait cycle in Figure 1 and Appendix 1 & 2.
Age-related changes in joint angular wave forms and mean values (maturation)

The overall patterns were similar (increase in joint angle from IC to a single peak value around opposite

IC) across all groups indicating an early onset (already in G1) of an adult-like arm swing pattern (Figure
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2). Time to peak ranged from 42.1% to 56.5% of the gait cycle with no significant differences between
groups. Regression analysis revealed a significant effect of age at the shoulder in the sagittal plane

(total GC) and transverse plane (around TO).
[Figure 1 near here]

[Figure 2 near here]

At the shoulder, joint angular waveform of G1 was significantly more in extension over the total GC
compared to all older children and adults (p <0.001, G1:-9.5°+7.1; G5: 2.7+7.1, p<0.001). Coronal plane
waveforms differed between groups only around TO with an increased ROM in G1-2 (12.9°-13.3°; SD:
4.2°-5.4°) compared to G4-5 (7.6°-9.0°; SD: 2.3°-2.8°, p=0.002). No age-related differences were found
in the transverse plane but waveforms of G2-4 differed significantly from G1 and G5 after 30% of the
GC.

At the elbow, flexion at IC and the joint angular wave forms over the total GC were significantly higher
in the youngest children (G1: 38.7° £ 9.1°) compared to all other groups with significantly higher mean
flexion of 43.5°+9.9°in G1 compared to all other groups (G2-G5: 35.6°-36.4°; SD: 4.7°-7.2°; p<0.001).
At the wrist, a joint angular waveform in increased dorsiflexion with no changes in ROM was found
over the total GC in G1-2 compared to adults and during the last part of stance and swing compared
to G3-4 with differences as large as 10° at IC between G1 and G5. A mean ulnar deviation (1.4°-4.4° ;
SD: 6.9°-8.5°) was found for G1-G2 and was significantly different from the radial deviation in G4-5
(1.3°-4.0° ; SD: 5.0°-6.1°) for mean joint angle and for the joint angular wave form over the total GC
except around TO in adults.

[Table 2 near here]

Age-related changes in consistency (fine-tuning)

Next to a decrease in inter-individual SD over age groups, high inconsistency was observed between
different gait cycles of the younger children (intra-individual variation) compared to adults (Figure 1 &

3).

At the shoulder, consistency was low in the transverse plane in all groups (up to 30° in the youngest
children) but only significant different between G3-5 at few specific moments in time (Appendix2).
Consistency improved from G2 for A-TO and mean joint angle in the coronal plane, from G3 for A-IC,
meanjoint angle and ROM in sagittal and ROM in coronal plane and from G4 for time to peak in the
coronal plane. In the sagittal plane a small but significant lower consistency was found over the entire
gait cycle in G1 compared to all other groups. The lager coronal plane differences in were only

significant in swing between G1-2 and G4.



At the elbow, consistency improved from G2 for A-IC, from G3 for A-TO, peak value and mean joint
angle and in G5 for time to peak. No changes in consistency were observed for ROM but spm1D analysis

revealed an significant lower consistency in G1 compared to G2-5 over the entire gait cycle

At the wrist, consistency improved from G2 for A-IC, A-TO and mean coronal plane joint angle, from
G3 for coronal plane peak value and in G5 for sagittal plane time to peak in. No changes in consistency
were found for the other kinematic parameters but spm1D revealed significant differences in joint

angular wave forms over the entire gait cycle between G1-2 and G4-5 in both planes.

[Figure 3 near here]

Discussion

This study aimed at gaining insights into maturation and fine-tuning towards an adult-like arm swing
pattern and determining the age at which arm movements during typical gait can be considered
mature. It is the first to evaluate joint angular waveforms continuously in a large cohort, with a wide
age-range, allowing comparison of arm movements between children and adults. Although adult-like
arm swing patterns were present in general at the age of three, maturation (change to adult-like
values), fine-tuning (improved consistency) or a combination of both was still observed in all joints and

planes and was found to be joint and parameter-specific.

The overall shape of adult-like patterns, with an increase in joint angle from IC to a single peak value
around opposite IC, was already visible in the youngest children. These findings confirm previous
literature that by the age of three years the guard position has already changed into arm swinging *.
However, the older children and adults showed more pronounced patterns, i.e. increased ROM and
more consistently timed. Furthermore, in the youngest children, remnants of guard position were
observed at the elbow with increased mean flexion angle. Also, an improved consistency for both mean
shoulder abduction and mean elbow flexion from the age of ten, respectively fourteen years indicate
that it takes until that age before children consistently use adult-like patterns.

For timing of peak values, no age-related changes were found. Peak values of arm movement in the
different planes occurred around 50% of the gait cycle, coinciding with IC of the opposite foot,
indicating that coordination of reciprocal swing between arms and legs is present at the onset of arm
swing. Although no maturation effect was found for time to peak for any joint or plane, an improved
consistency was observed at the shoulder in the coronal and at the elbow and wrist in the sagittal
plane with increasing age until respectively 14 years and 19 years, indicating a long lasting fine tuning

of timing. This confirms the findings of Meyns et al. who investigated age-related differences in



interlimb coordination in children and adults using a continuous relative phase between limb

movements and found gradual changes that lasted until adult ages °.

The variation in age-related changes in mean values and consistency between the different
parameters warrants a more detailed discussion per joint. This is the first study to include different
age groups, but previous authors reported on some specific parameters of arm movements in children
that are in agreement. Romkes et al. reported the same parameters, except for mean positions, in 9
children between 8-18 years 4, Galli et al. investigated ROM and A-IC in 20 children (9.2 year; SD: 5.7
year) * and Riad et al. only included ROM in 15 adolescents (18.6 year; no SD) 3.

At the shoulder, mean joint angle in the sagittal plane evolved from extension in the youngest children
(G1-2) to flexion after the age of ten with a ROM similar to previous literature and no difference
between age-groups. Mean abduction however, did not show age-related differences though a larger
ab-adduction ROM was found for the youngest children (G1-G2) compared to the older children and
adults, in line with Galli et al. and Romkes et al. but slightly larger than Riad et al. reported. Mean
coronal joint angles were external and not different over age-groups but ROM was significantly smaller
in all children compared to adults and larger than observed in the small and variable population of
Romkes et al. and Galli et al.. Poor consistency was observed in the youngest children in all three
planes, with adult-like consistency from ten years on.

At the elbow, a larger mean flexion angle over the gait cycle compared to all other groups was observed
for the youngest children (G1) in contrast to the ROM which was largest in adults (23°), compared to
all children (16-17°). This ROM is in accordance with Romkes et al. ** and Zijimans et al. 7 but smaller
than in Riad et al. * and Galli et al. > who found ROM up to 30° in elbow flexion during walking. These
differences between studies are probably caused by differences in methodology.

At the wrist a significantly larger mean dorsiflexion and ulnar deviation joint angle was found until the

age of ten with no age-related differences in ROM, similar to Romkes et al. * and Riad et al. 3.

Regarding age of maturation and fine-tuning, no chronological evolution in age-related changes was
found over the different joints. Therefore, arm movements were not found to develop or change in
either a proximal or distal sequence.

While the positional changes in shoulder and elbow in the sagittal plane are most likely a remnant of
the high guard position, it remains unclear why the positional changes at the wrist take place. They
may also be part of a fixation pattern.

The higher variations in all joints and planes in the youngest group clearly indicate that the arm

movements during gait were far from the consistent pattern seen in the adults.



When walking faster, arm swing amplitude was found to be increased Y. Therefore, walking speed
should be taken into account in both clinical practice and research. In the present study walking speed
was normalized to leg length (Froude number) 2? to eliminate effects of difference in height between
age groups. However, the Froude number was still significantly different between groups (Table 1).
Therefore, in the analysis of age-related differences between parameters, the main effects of the
Froude number, were taken into account for further analysis of ROM parameters, as, especially at the

shoulder in the sagittal plane regression analysis revealed interaction with walking speed.

This study has some limitations. An initial limitation is that the Plug-in Gait model has not yet been
fully validated regarding upper extremity kinematics. Due to the complexity of the shoulder joint it is
discussable whether a joint based approach is the most appropriate. Potentially, the model is too
simplistic and does not identify the underlying movements correctly 2°. However, as the main goal was
to characterize arm swing and not define how it originates in the shoulder we believe it to be fit for
the purpose of the study. A next limitation is that, as the shoulder is a joint with three degrees of
freedom with rotations close to 90°, we had to deal with gimbal lock. The custom-made software
allowed to discover and recover the majority of gimbal lock trials so that only few trials had to be
excluded. Nevertheless, we were still able to make five age groups, each including more than 15
participants. The main strength of this study is therefore a large sample size all collected with the same
test protocol and equally distributed over a wide age range.

The description of age-related changes should now be validated with longitudinal data. More-over, an
even larger sample size per age group would strengthen the findings and extend the framework for

use in clinical practice.

In conclusion, although reciprocal arm swing is present, age-related changes in arm movements can
be found after the age of 3 years in all joints and planes. A different pace in the observed changes per
parameter makes it difficult to conclude on an overall age of maturation, but in general arm
movements cannot be considered mature before the age of 10-14 years. Furthermore, a decrease in
consistency, defined as fine-tuning, is characteristic for growing children and seems to evolve into
adulthood. For clinical practice we therefore recommend not only to use age-related data to take into
account age-related patterns and variation, but also to use a sufficient number of trials per patient to

allow the evaluation of consistency.
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Figure 1. Group average and group standard deviation (SD) of the joint angular time profiles over the gait cycle in sagittal (shoulder, elbow, wrist), transversal
(shoulder) and coronal plane (shoulder and wrist)

sagittal plane (+= flexion), coronal plane (+= abduction) and transversal plane (+= internal rotation); x-as: percentage of the gait cycle; y-as: joint angles (°)

black line (adults — G5); blue line (adolescents — G4); red line (pubertal children — G3), green line (children — G2); yellow line (young children — G1)

significant differences between age groups (SPM-d1; ANOVA) are presented by a grey rectangle: * p<0.05, ** p<0.01, *** p<0.001
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Figure 2 Mean (—) and one standard deviation (---) of the joint angles over the total gait cycle of the shoulder in the sagittal, coronal and transversal plane (A), the elbow in the sagittal
plane (B) and the wrist in the sagittal and coronal plane over the gait for all age groups (young children (G1); 3.0-5.9 years, children (G2); 6.0-9.9 years, n=24, pubertal children (G3); 10.0-13.9
years, adolescents (G4); 14.0-18.9 years and adults (G5); 19.0-35.2 years).

sagittal plane (+= flexion), coronal plane (+= abduction) and transversal plane (+= internal rotation); x-as: percentage of the gait cycle ; y-as: joint angles (°)
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Figure 3: Joint angular consistency plots of a 3 year old child (A) and of a 22 year adult (B) along with group average (dotted line).

+=flexion; x-as: percentage of the gait cycle; y-as: joint angles (°)
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Table 1 : Patients characteristics

Number of participants (male/female) per age-group (G); mean and standard deviation per age-group for age, body weight, height, walking
speed and Froude number

Group 1 Group 2 Group 3 Group 4 Group 5 P-value
3.0-59y 6.0-99y 10.0-13.9y 14.0-18.9y 19.0-35.2y
Number of participants 20 (8/12) 24 (8/16) 26 (15/11) 16 (8/8) 16 (6/10) -
(male/female)
Age (years) 4.6+0.9 7.7£1.0 11.5+0.9 16.1+1.1 26.4+39 -
Body weight (kg) 17.1+2.7 255+4.6 393+74 59.4+9.5 67.1+9.9 -
Height (m) 1.07 £0.08 1.28 +0.08 1.52 +£0.09 1.72 £0.09 1.73+£0.08 -
Walking speed (m/s) 1.05+0.16 1.21+0.17 1.28 £0.15 1.25+0.14 1.36+£0.10 <0.0012
Froude number 0.47 +0.07 0.49+0.07 0.46 £ 0.05 0.42 +0.04 0.46 +0.04 <0.001°

2 Post Hoc Tukey HSD showed significant differences between G1-4&G5, G2-G3&G5, G3-G5
b Post Hoc Tukey HSD showed significant differences between G1&G3-G4, G2&G3-G5, G3-G4, G4-G5
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A Gl G2 G3 G4 G5 p value Pairwise comparisons (p<0.05)
Mean value + SD Value
Mean consistency + SD Consistency
Shoulder Angle at IC (%) -16.1+11.4 -12.6 +8.3 -7.2+8.5 -4.3+8.0 -9.5+9.1 0.012 G1-G3-4; G2-G4
ngle a
g 7.443.9 7.143.5 5.1+2.7 5.0+¢3.8 4.0+2.2 0.010 G1-2-G5,G1-G3
-4.1+8.9 3.8%7.1 6.0 £9.8 2.3+8.5 11.2 +8.9 <0.001 G1-G2-5; G2-G5; G4-G5
Angle at TO (°)
7.043.1 7.5£3.7 5.3t2.7 5.1+#3.0 4.7+3.0 0.076
2.2+8.9 8.1+6.7 11.0 £10.3 9.0+8.2 16.9+9.3 <0.001 G1-G2-5;G2-4-G5
Sagittal Peak value (°)
6.6+2.5 7.1£3.5 4.9+2.3 5.348.2 5.0%3.0 0.124
Flexion (+)
R . 47.6+6.1 48.0 5.7 46.1 +4.5 45.5+5.2 47.1 1.7 0.376
Extension (-) Time to peak (%GC)
10.6£14.4 9.349.8 8.6£11.0 9.1+12.6 1.5+0.7 0.594
-9.5%7.1 -4.1+5.1 0.0+7.2 0.4+7.6 2.7+74 <0.001 G1-G2-5, G2-G3&5
Mean position (°)
5.0+2.1 4.4+1.8 2.9+1.3 3.4+1.7 2.742.1 <0.001 G1-2-G3&5; G1-G4
24.149.1 24.7 £10.5 21.9+12.4 16.4+7.2 27.9149.8 0.169
ROM over GC (°)
9.1+5.1 10.5 6.7 5.243.3 5.244.5 6.643.3 0.040 G1-G4; G2-G3-5
Angle at IC (°) 4.4 6.5 1.5+6.4 2344 0.746.0 3.614.7 0.245
6.845.0 5.7+2.6 5.3+#3.2 4.1+3.1 4.1+4.0 0.166
Angle at TO (°) 10.9+8.4 9.317.4 7.2+5.3 4.1+6.0 8.745.2 0.059
8.946.9 5.6%3.6 5.843.3 3.74¢3.2 3.842.9 0.003 G1-G2-5
c | Peak value (°) 14.6%7.5 11.9+7.2 10.2 5.3 7.2¢6.4 11.7+¢5.4 0.034 G1-G3-4
o 8.026.1 53230 58129 3.9:3.6 3.93.2 0.011 G1-6G2,4&5
Abduction (+) -
Adduction (-) Time to peak (%GC) 48.6+6.7 48.0 £9.0 46.6 7.4 42.1+6.7 43.9+5.1 0.098
12.8411.8 14.9+9.8 16.4+11.4 8.2+7.2 5.34¢5.2 0.020 G1-3-G5
Mean position (°) 8.0+7.1 57+6.3 5.2+4.1 3.315.9 7.1+4.8 0.144
7.346.1 45+3.1 5.043.0 5.0+3.0 3.443.5 0.032 G1-G2,4&5
ROM over GC (°) 13.3+4.2 12.9+5.4 10.0 +3.9 7.6%£2.3 9.0+2.8 0.002 G1-G3-5, G2-G4-5
5.1+2.7 4.842.7 3.6£2.2 2.1+£1.0 2.240.7 <0.001 G1-G3-5, G2-G4-5
Angle at IC (°) -15.7 +26.4 -13.5+18.0 -10.3+12.6 -17.1+£16.3 -19.6+£20.0 0.479
14.4+9.7 13.0+6.1 10.844.6 9.444.5 11.1+#7.3 0.233 !
Angle at TO (°) -4.9 £19.2 -1.9+12.4 0.6+9.8 -6.5+10.6 2.6£7.7 0.281
12.249.1 10.4%5.5 10.5#5.1 10.1+7.4 7.1£3.9 0.363
Transversal Peak value (°) 3.0+22.8 4.4 +12.7 5.8+10.1 -1.3+9.6 6.7£10.0 0.527
Internal (+) 11.7 8.4 10.6 5.9 9.7+5.3 8.045.2 8.146.5 0.275
External (-) Time to peak (%GC) 48.6+9.4 49.6 8.0 51.5+12.9 52.35.0 53.27.6 0.590
18.4+9.9 18.848.3 16.2+10.0 15.349.7 10.1+411.0 0.225
Mean position (°) -8.4£22.0 -6.8 £14.5 -4.0+10.4 -10.7£12.6 -6.1+11.0 0.602
11.0¢7.9 9.8+5.0 9.1+4.9 7.745.7 7.615.2 0.354
ROM over GC (°) 25.9+11.8 26.5+10.4 224+738 21.2411.4 32.4+19.8 0.111
7.3+39 10.345.7 83+36 8.1#4.7 10.146.9 0.861
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Gl G2 G3 G4 G5 p value Pairwise comparisons (p<0.05)
Mean value + SD Value
Mean consistency + SD Consistency
Elbow Angle at IC (%) 38.7+9.1 31.9+6.2 31.8+6.9 33.615.4 27.4+4.9 <0.001 G1-G2-5; G2-G5, G3-G5;G4-G5
e 6.5+4.8 5.843.4 5.1+2.4 5.843.1 3.5¢1.5 0.040 G1-G5
48.8+12.4 41.8+ 8.0 40.9+9.3 39.4+6.9 46.0+ 8.4 0.008 G1-G2-4
Angle at TO (°)
8.244.6 8.1+4.6 5.1+2.3 3.842.0 4.5+1.8 <0.001 G1-G3&5, G2-G5
. 52.4+12.4 44.8 +8.0 445+9.3 45.1+6.1 48.6 +8.7 0.037 G1-G2-3
Sagittal Peak value (°)
g 8.0+4.8 83+4.7 52+1.8 55+2.0 4.8+24 0.015 G1&2-G3&5
Flexion (+) ) 56.5+10.4 51.8+8.1 529473 483+8.1 525436 0.075
Extension (-) Time to Peak (%GC)
16.3+#11.1 15.7+9.6 15.2+10.6 14.5+13.0 3.5+2.0 0.028 G1-4-G5
p . 43.5 6.0 36.3+5.8 359+7.2 36.4+4.7 35.6+4.7 0.002 G1-G2-5
Mean position (°)
4.7 9.9 49+28 3.0+15 3.8+2.0 24+19 0.001 G1-G3&5; G2-G5
17.3+£6.9 16.5+6.1 16.6 £6.2 15.7£6.2 23.0£9.7 0.012 G1-4-G5
ROM over GC (°)
7.3£3.9 8.644.4 5.5+3.1 5.5+2.9 5.2+1.7 0.053
C G1 G2 G3 G4 G5 p value Pairwise comparisons (p<0.05)
Mean value = SD Value
Mean consistency + SD Consistency
Wrist Angle at IC (°) 13.7+9.4 11.0+£7.7 82+53 7.6+6.6 4.2+6.2 0.006 G1-G3-5; G2-G5
ngle a
& 8.846.4 7.04.2 71115 6.14.9 4.9:2.6 0.593
18.2+9.7 16.4+6.7 12.4+6.3 12.1+4.6 12.2+7.8 0.123
Angle at TO (°)
8.4+5.8 6.2+4.1 6.5+10.9 4.9+2.5 3.3£1.8 0.873
peak value () 21.2+8.6 19.0+7.2 145+5.8 14.2+4.4 13.2+7.5 0.010 G1-G3-5; G2-G5
i eak value
Sagittal 8.1#5.9 6.23.8 6.6%11.2 4.421.9 3.1:1.8 0187
Dorsiflexion (+)
. . 545+11.1 53.7+£10.2 52.5+6.8 50.9+ 8.6 53.9+27 0.832
Palmar flexion (-) Time to Peak (%GC)
22.618.6 21.049.0 21.2+11.8 12.549.6 4.443.1 <0.001 G1-4-G5
. 16.6 £9.1 13.5+6.7 99+54 10.0+5.3 7.6%6.5 0.012 G1-G3&5;G2-G5
Mean position (°)
7.916.3 5.1+3.8 5.9+11.0 4.7+2.9 3.4£2.2 0.781
11.8+5.6 11.7+5.1 9.8+3.1 89+53 11.6 +6.5 0.005
ROM over GC (°)
4.6%2.1 5.3#3.0 4.943.0 4.6%4.2 4.4+3.8 0.890
3.5+8.9 43+84 04+74 -5.0+6.2 -3.8+55 0.001 G1-2-G4-5; G3-G4
Angle at IC (°) 9.246.6 7.1+3.9 5.1+2.4 6.143.6 4.344.0 0.008 G1-G3&5
Coronal
. 4.1+8.8 58+7.4 29+6.8 -3.0+£6.0 19+49 0.010 G1-3-G4
Ulnar deviation (+) Angle at TO (°)
. e 9.1+6.4 5.9+2.6 4.2+2.0 5.843.6 3.54£2.2 <0.001 G1-G2-3&5
Radial deviation (-)
Peak value (°) 89+9.1 9.5+83 I 6.1+7.0 -0.5+5.9 3.3%+5.0 0.004 G1-2-G4-5; G3-G4
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8.946.5 6.32.9 4.6+1.9 3.1+1.8 3.8+2.1 <0.001 G1-G2-5; G2-G5
46.5+14.2 46.2+10.7 46.8+11.2 47.2+12.0 49.9+7.8 0.686
Time to Peak (%GC)
29.7+9.1 27.6£9.0 24.2+10.4 20.0+12.5 8.5+6.8 0.606
| 3185 44+78 1.4+6.9 40+6.1 -1.345.0 0.007 G1-G4; G2-G4-5, G3-G4
Mean position (°)
8.746.7 5.5%2.9 4.1+2.1 5.843.2 3.542.4 <0.001 G1-G2-285
113+4.7 10.5+4.5 9.6+2.9 6.7+25 8.8+39 0.426
ROM over GC (°)
6.246.9 4.5+1.9 3.6+1.5 2.8+1.7 3.242.0 0.027 G1-G3-5

Table 2 Mean values and mean consistency of the kinematics of the shoulder (A), elbow (B) and wrist (C) for the five age groups: young children (G1), children (G2),
pubertal children (G3), adolescents (G4), adults (G5) .

Shaded cases indicate that a mean values are significantly different from adult values (G5). A lighter shade of grey indicates that the intermediate groups
differ both from the younger and older age groups, suggesting that maturation follows a stepwise process. Borders indicate that consistency is significantly

larger than in adults (G5).
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