
Supplementary Material 1 

Participants categorized by chronological age 

 

Table 1S: Chronological age groups (n = 99) 

Group n Mean age male/female 

6 years 15 6.70  10/5 

7 years 14 7.54  4/10 

8 years 21 8.46  17/4 

9 years 14 9.54  7/7 

10−11 years 20 10.68  15/5 

19−20 years 15 19.62  11/4 



Supplementary material 2 

Tests for task execution of chronological age groups 

     We similarly counted the number of participants who performed the task 

significantly above chance-level accuracy without moving their own hands (‘pass’) in 

each age group. Participants who performed the task above chance but moved their own 

hands (‘move’) and those who performed below chance (‘fail’) were differently 

categorized. Distributions of participants were compared with a chi-square test (3 

response categories × 6 groups). 

     As shown in Figure 1S, more children tended to yield failure in task execution or 

move their hands in younger age groups. In particular, 6-year-olds showed highly 

degraded performance, as observed similarly in the main analysis for school grade 

groups. The overall chi-square test showed a significant group effect (χ
2

(10) = 72.722, p 

< 0.0001). Here, 6-year-old children were also considerably different in task 

performance from any other age group (all of χ
2

(2) > 15.443, all p values < 0.0004). That 

is, it was confirmed in the analysis for chronological age groups that the standard hand 

MR task is especially difficult for 6-year-olds, as was shown in the main analysis for 

school year groups. 

 

 

 

Figure 1S 



Supplementary material 3 

Function of RT by angles in each of chronological age group 

     As in the main analysis for school grade groups, we plotted pattern differences in 

the RT–angle (Figure 2S) and error rate-angle (Figure 3S) relationships to inspect 

developmental changes in biomechanical constraints on the hand MR. The 

biomechanical constraints on the peak angle of the RT-angle function (separation 

between peaks for the right and left hands) were the most salient in the 7-year-olds, and 

a developmental weakening followed. In this age grouping, the 6-year-olds showed a 

weakened biomechanical effect compared with the 7-year-olds, perhaps due to all of the 

6-year-olds moved their hands during the task while the data for the 7-year-olds in 

Figure 2S are only for those who passed the criteria without moving hands. Because 

only a small number of the 7-year-olds (n = 4) reached the criteria for analyzing RTs, we 

concentrated on error rates for statistical analyses. 

     For error rate analyses (n = 99, all the participants included), a chi-square test was 

performed similarly with the main analysis. Individual correct and incorrect responses 

were counted for manageable and non-manageable angles across both hands. The 

manageable/non-manageable ratio of (1 – error rate) was also calculated after 

logarithmical transformation of percent correct for each individual. Group differences in 

this ratio were examined using the Kruskal–Wallis test. Following paired comparisons 

between groups were conducted with the Mann–Whitney test. 

      

     The biomechanical constraints instantiated by asymmetry of error rate functions 

were also salient for younger age groups in Figure 3S. In the analyses for error rates, all 

age groups made more errors in non-manageable angles (6-years: χ
2

(1) = 197.998, p < 

0.0001; 7-years: χ
2

(1) = 138.525, p < 0.0001; 8-years: χ
2

(1) = 141.704, p < 0.0001; 

9-years: χ
2

(1) = 25.810, p < 0.0001; 10-11-years: χ
2

(1) = 65.581, p < 0.0001; 19-years: 

χ
2

(1) = 8.176, p = 0.004) (Figure 4AS). In paired comparisons of 

manageable/non-manageable ratios among age groups, 6-, 7-, and 8-year-old children 

yielded higher ratios (that is, higher correct response to manageable angles) than older 

children and adults (6-years: all of Us < 68.5, all of p-values < 0.006; 7-years: all of Us 

< 60.5, all of p-values < 0.005; 8-years: all of Us < 123.0, all of p-values < 0.023) 

(Figure 4BS). These results suggest that the biomechanical constraints to the hand MR 

are stronger until around 8 years of age. 

 



 

Figure 2S 

 

 

 

Figure 3S 

 



 

Figure 4S 



1: 1st grade; 2: 2nd grade; 3: 3rd grade; 4: 4th grade; 5: 5th grade; UG: under graduate; f: female; m: male; 

Error ratios for non-manageable directions were calculated by averaging RTs for angles from 225° to 315° for the left hand and
from 45° to 135° for the right hand.

Error ratios for manageable directions were calculated by averaging RTs for angles from 45° to 135° for the left hand and
from 225° to 315° for the right hand.

Supplementary Material 4
Error ratios for mental rotation of left and right hands in 8 angles in Experiment 2 (n=99).
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2: 2nd grade; 3: 3rd grade; 4: 4th grade; 5: 5th grade; UG: under graduate; f: female; m: male; 

RTs (sec) for non-manageable directions were calculated by averaging RTs for angles from 225° to 315° for the left hand or
from 45° to 135° for the right hand.

RTs (sec) for manageable directions were calculated by averaging RTs for angles from 45° to 135° for the left hand or
from 225° to 315° for the right hand.

Supplementary Material 5

Response time data for mental rotation of left and right hands in 8 angles in Experiment 2 (n=67).
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